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Shrimp faming is an important aquacultural industry in many Asian countries. In 
traditional shrimp fanning, production is dependent on the seasonal abundance of 
wild fry which fluctuates widely from year to year. Nowadays, commercial shrimp 
aquaculture mostly relies on the availibility of natural spawner for seed supply and 
represents an open cycle operation. Although shrimp aquaculture has developed 
remarkably in the last 30 years, to enable further development, new technological 
advances in manipulation of shrimp reproduction are increasingly important. 
Understanding of shrimp reproduction, especially molecular mechanisms underlining 
ovarian maturation is of great importance for the realization of domestication. 
Despite the identification of a number of critical genes related to shrimp ovarian 
maturation, many aspects of the molecular cascade that regulate shrimp oocyte 
maturation remain poorly understood. Some proteins in the oocyte maturation 
pathway may be activated or inactivated by post-translational modifications, so that 
data from mRNA level alone does not provide information about the presence of 
different protein isoforms or posttranslational modifications of proteins. Therefore, 
the important information necessary for the full development of oocytes should also 
be resolved at the protein level. In this study, two-dimensional electrophoresis (2DE) 
and MALDI-TOF mass spectrometry (MS) were used to identify proteins that are 
differentially expressed during ovarian maturation in Metapenaeus ensis. 
Approximately 486, 323 and 221 polypeptides stained with Coomassie Brilliant Blue 
were readily detected in gels from stage I，III and V ovaries by Image analysis. Gel 
from stage V ovaries was selected as the reference gel for comparison. By comparing 
detected spots, about 190 spots (39.8%) in stage I and 185 spots (57.2%) in stage III 
could be matched to spots in stage V. Among these matched spots, 87 of them with 
consistent significant quantitative differences (> 1.5-fold for %Vol) were picked for 
MS/MS analysis along with those that could only be detected in stage I or stage III. 
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Twelve proteins were selected for further analysis as they were highly matched to or 
similar to known proteins. Putative glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH), ATP synthase (3 subunit, and arginine kinase (AK) may be related to 
provision of energy for active cellular function in oocyte development. P-actin and 
tubulin may be related to the organization of cytoskeleton to accomplish growth and 
development of oocytes. Progesterone receptor (PR), cellular retinoic acid binding 
protein (CRABP), retinoid-related orphan receptor (RZR), retinoic X receptor (RXR) 
and guanosine diphosphate dissociation inhibitor 1 (GDI) may be involved in the 
regulation of transcription, translation and vesicular transportation in developing 
oocytes. Carbonic anhydrase III (CAIII) in developing ovaries may serve as an 
antioxidant reagent to protect cells from oxidative damage by free oxygen radicals on 
the cell membrane. 
Among these differentially expressed proteins, two down-regulated proteins, retinoic 
acid binding protein (CRABP) and retinoid-X receptor (RXR) homolog, are worth to 
be further explored. Cloning of cDNA encoding CRABP in M. ensis has been 
reported previously. In the present study, the full length MeRXR has been cloned by 
extension of a fragment isolated by cDNA library screening, using RACE PGR. The 
open reading frame (ORF) encodes a 410 amino acid protein with a deduced 
molecular weight of 44819.5 Da, and pi 6.64, which roughly matched the observed 
values estimated from the 2DE gels. RT-PCR revealed that MeCRABP was 
universally expressed in all tissues investigated, but MeRXR was not expressed in 
eyestalk and hepatopancreas. Consistent with the protein expression pattern, the 
expression level of MeCRABP mRNA revealed by Real-time RT-PCR was highest 
in immature ovaries, and gradually declined during ovarian development. This 
expression pattern was confirmed by in situ hybridization. In contrast to the 
decreased MeRXR protein level, MeRXR mRNA levels increased significantly from 
vitellogenic (stage III) to cortical rod stages (stages IV and V). This result suggests 
that RXR transcripts in the mature ovary may act as maternal messages for 
embryonic development. Treatment of dX\-trans retinoic acid (RA) on ovary explant 
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had no significant effect on the expression of MeCRABP but consistently reduced 
the expression of MeRXR in a roughly dose-dependent manner in immature ovaries. 
In fully mature ovaries, both MeCRABP and MeRXR expression were enhanced by 
exogenous dXX-trans RA treatment. These results indicate interactions between RA, 
CRABP and RXR in regulating gene expression in shrimp may be similar to those in 
vertebrates. CRABP may sequester RA, prevent its entry to the nucleus and regulate 
oocyte development. RXR may act as a ligand-inducible transcription factor to 
activate or enhance the transcription of some genes related to ovarian maturation. 
This study thus provides preliminary information on the possible roles of RA, 
















暇 e n s i s ) 作爲動物模型，運用雙向凝膠電泳 ( t w o - d i m e n s i o n a l 
electrophoresis, 2DE)及基體輔助鍾射解吸電離飛行時間質譜（matrix assisted 









知 蛋 白 相 似 ， 按 功 能 可 以 分 成 四 大 类 。 3 - 磷 酸 甘 油 醒 脫 氫 酶 
(glyceraldehyde-3-phosphate dehydrogenase, GAPDH), ATP 合成酶 P 和精氨酸激 
酶（arginine kinase, AK)可能參與細胞活動所需能量的合成，儲存與運輸。p-
肌動蛋白（P-actin)和微管蛋白(tubulin)可能參與卵細胞發育過程中細胞骨架的 
合成。孕激素受體（progesterone receptor, PR),細胞視黃酸結合蛋白（cellular 
retinoic acid binding protein, CRABP),孤兒受體(retinoid-related orphan receptor, 
RZR )�維甲類受體 ( r e t i no i c X receptor, RXR)和二磷酸鳥苷解離抑制因數1 
(guanosine diphosphate dissociation inhibitor 1，GDI)可能參與調節卵細胞發育過 
程中基因轉錄翻譯及膜泡運輸。碳酸酐酶III (Carbonic anhydrase III，CAIII)可 
肯g作爲抗氧化劑來保護卵細胞免受氧自由基造成的氧化損傷。 
在這些差異表達的蛋白中，我們對細胞視黃酸結合蛋白（cellular retinoic 
acid binding protein, CRABP)和維甲類受體(retinoic X receptor, RXR)同源體 
進行了深入地硏究。Gu et al (2002)成功克隆了編碼細胞視黃酸結合蛋白的 
cDNA,在本硏究中，通過用cDNA末端快速擴增-聚合酶鏈式反應(RACE-PCR) 
方法克隆了維甲類受體的全長cDNA開放閱讀框（CDpen reading frame，ORF)編 











中，MeCRABP and MeRXR的表達都會增強。實驗結果表明，視黃酸（RA),視 
黃酸結合蛋白（CRABP)及維甲類受體(retinoic X receptor, RXR)在暇的卵巢 
中存在與脊椎動物相似的相互調節作用來調控相關基因的表達。視黃酸結合蛋 
白（CRABP)可能與視黃酸結合從而抑制其與維甲酸受體（retinoic acid 
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Chapter 1 General introduction 
Shrimp faming is a centuries-old practice in many Asian countries (Kiingvankij, 
1984). In 1970s, commercial shrimp farming began and production grew rapidly, 
particularly to meet the market demands of the USA, Japan and western Europe. 
Shrimp production has been increasing over the past decades, from 213,635 tonnes in 
1985 to 2,476,023 tonnes in 2004 (FAO http://www.fao.org/sof/sofia/index_en.htm). 
Shrimp production forms the most important part of crustacean production. It 
accounts for 60% of the crustacean production. Cultured shrimp only accounts for 
30-40% of the total shrimp production. Although shrimp aquaculture experienced 
notable development in the last 30 years, to enable further development, new 
technological advances in solving aquaculture problems are increasingly important. 
One of the major constraints to shrimp aquaculture production is the loss due to 
diseases (Subasinghe, 2005). Over the decades, shrimp aquaculture has faced 
significant problems with disease outbreaks and epidemics which caused significant 
economic losses. The other major constraint to the growth of this industry is a stable 
and reliable supply of shrimp seed. In traditional shrimp fanning, production is 
dependent on the seasonal abundance of wild fry which fluctuates widely from year 
to year (Kungvankij, 1984). For aquaculture industry, growth technology from larval 
or postlarvae stage to market size is well-established, but it remains difficult to 
control female reproduction in captivity. Under culture conditions, the female shrimp 
usually fail to reach sex maturity, so that they cannot give birth to the next generation. 
The fanners of shrimp aquaculture industry have to rely on natural spawners for seed 
supply so that the industry is an open cycle operation (Avault, 1996). Apparently, in 
order to solve this problem, we must seek an effective way to control reproduction of 
cultured stocks. 
At present, eyestalk ablation is used in practice to induce ovarian maturation and 
spawning in some cultured penaeid shrimp species (Santiago, 1977; Kelemec and 
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Smith, 1980; Makinouchi and Primavera, 1987; Lee and Wickins 1992; Okumura, 
2007). Perhaps the strongest evidence for the effect of eyestalk ablation points to the 
inhibition of a gonad inhibitory hormone (GIH) which is produced in the 
neurosecretory complex in the eyestalk. However, the neurohormones secreted in 
this neurosecretory center are also responsible for the regulation of many important 
metabolic processes. Therefore, the utilization of eyestalk ablation to induce shrimp 
spawning usually comes with high mortality, poor spawning rate and poor larval 
survivorship (Huberman, 2000). Besides, the ovarian color is often quite different 
from that in wild matured shrimp (Peixoto, 2005), indicating possibly insufficient 
accumulation of carotenoids in cultured shrimp. 
Understanding of shrimp reproduction, especially molecular mechanisms underlining 
ovarian maturation is of great importance for the realization of domestication. 
Information on the molecular changes during penaeids ovary maturation is 
fragmentary. Moreover, these data mainly focus on mRNA level, and only a few 
studies concerning protein expression pattern are conducted. Many aspects of the 
molecular cascade that regulate shrimp oocyte maturation remain poorly understood. 
This study aims to investigate ovarian maturation of the shrimp Metapenaeus ensis 
by proteomic approaches. 
Chapter 2 is a literature review about the structural and major biochemical changes in 
penaeid shrimp ovary during maturaiton as well as current knowledge about 
endocrine control of ovarian maturation. Reproductive biology of the shrimp 
Metapenaeus ensis is also discussed. The major techniques used in this study and the 
objectives are outlined in the last part of this chapter. 
Chapter 3 presents the major proteins differentially expressed in ovaries at various 
maturation stages. Among these differentially expressed proteins, two 
down-regulated proteins, retinoic acid binding protein (CRABP) and retinoid-X 
receptor (RXR) homolog, are worth to be explored. The presence of CRABP as well 
2 
as RXR in M. ensis ovary, together with their different expression levels, suggest an 
important role of retinoic acid (RA) in gene regulation in shrimp ovary. 
CRABP gene has been cloned in M. ensis (Gu et al., 2002). Based on cDNA library 
screening, partial sequence of RXR homolog has also been isolated from M. ensis (S. 
M. Chan, unpublished data). These facilitate the investigation of the possible roles of 
CRABP and RXR in shrimp ovarian maturation. The mRNA spatiotemporal 
expression profiles as well as the hormonal regulation of CRABP and RXR are 
further analyzed in Chapter 4. A final conclusion about the molecular mechanisms of 
ovarian maturation revealed by the present study is made in Chapter 5. 
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Chapter 2 Literature review 
2.1 Introduction 
A major goal in shrimp farming focuses on realizing artificial reproduction in 
penaeid shrimp. Only when a fundamental understanding on ovarian maturation of 
shrimp is established can we develop suitable technique for broodstock maturation. 
However, our understanding of the shrimp ovarian maturation is quite superficial and 
further investigations are necessarily. In this literature review, the major biochemical 
changes occurring in shrimp ovary during maturation will be reviewed. More 
emphasis will be laid on the discussion of endocrine control of ovarian maturation. 
This review will mainly focus on penaeid shrimp and findings in other crustacean 
species will also be included. Reproductive biology of the shrimp Metapenaeus ensis 
will also be discussed. The major techniques used in this study will be outlined in the 
last part of this chapter. 
2.2 Structural changes in ovary and thelycum of penaeid 
shrimp during maturation 
The female shrimp reproductive system consists of paired ovaries, paired oviducts 
and a single thelycum which is an external organ. In penaeid shrimp with a closed 
thelycum, such as Penaeus japonicus’ mating and spermatophore transfer take place 
before ovarian maturation and mating does not accelerate ovarian maturation directly. 
In open thelyum shrimp, such as Penaeus vannamei, mating and spermatophore 
transfer closely follow ovarian maturation and take place immediately before 
spawning (Yano et al., 1988). 
When the ovary ofpenaeid shrimp develops, it undergos dramatic size increment and 
structural changes in order to prepare material necessary for oogenesis and 












































































































































































































































































































































































































































































































































































































































































































































































































































































and thelycum in penaeid shrimp during maturation. Based on histological studies in 
penaeid species including Penaeus kerathurus (Medina et a!., 1996)，Penaeus indicus 
(Mohanied and Diwan, 1994), Metapenaeopsis dalei (Sakaji et al., 2000), Penaeus 
japonicus (Yano, 1988) and Penaeus monodon (Tan-Fermin and Pudadera, 1989; 
Quinitio et al., 1993), oocyte development in ovary of penaeid shrimp can be 
classified into five stages. Table 2.1 summarized the histological characteristics for 
classifying the oocyte maturation stage as well as their relationship with changes in 
the external genitalia. 
Medina et al. (1996) compared the ovarian development in wild and pond-reared 
shrimp, Penaeus kerathurus. Significant differences were found in GSI and the 
frequency of postvitellogenic (i.e. vitellogenic plus mature) oocytes. Although 
pond-reared shrimp oocytes developed normally throughout vitellogenesis to reach 
the diameter of mature oocytes, cortical rods never differentiated in these animals. 
The reason for the inability of cortical crypts synthesis in pond-reared shrimp is still 
unknown. It is likely that diet and hormonal regulation are closely related to shrimp 
ovarian maturation and spawning. Factors (internal as well as external) that affect 
penaeid shrimp ovarian maturation will be discussed in the following sections. 
2.3 Biochemical changes in ovary of penaeid shrimp during 
maturation 
During penaeid female shrimp maturation, the growth of ovary is accompanied by 
the accumulation of carbohydrate, proteins, lipids and other nutrients in oocytes. 
Generally, carbohydrate, protein and lipids are found to increase significantly during 
maturation in shrimp ovaries, especially at mature and late mature stage. In contrast, 
water content reduced gradually as maturation advances (Kulkami and 
Nagabhushanam, 1979; Read and Caulton, 1980; Wouters et al., 2001). Among the 
various proteins components in vitellogenic ovary of crustaceans, vitellin constitutes 
the dominant group of yolk protein in eggs. It is a major nutrient for embryonic 
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development and/or early larval growth. Vitellin in decapod crustaceans is a high 
density lipoglyco-carotenoprotein complex which is composed of protein, lipids, 
carbohydrates and carotenoid pigments (Adiyodi, 1985; Quackenbush, 1991). During 
vitellogenesis, vitellin that is derived from vitellogenin (Vg) accumulates in oocytes 
and appears as membrane-bound spheres within oocytes (Adiyodi, 1985). It is well 
established that the liver is the site of Vg synthesis in several vertebrates (Wallace 
and Selman, 1981; Gerber-Huber et al., 1987). However, in insects and crustaceans, 
both extra-ovarian source (fat body for insects, and hepatopancreas for crustaceans) 
and intra-ovarian source (ovary) have been reported to be the major sites for Vg 
synthesis. Apart from Vg, the expression patterns of other proteins in penaeid shrimp 
ovaries have been characterized in Penaeus vannamei (Cariolou and Flytzanis, 1993). 
The gel patterns of polypeptides revealed in 2D-PAGE showed notable differences 
between immature and mature ovaries. The fact that at least five additional 
polypeptides were present in mature ovary but not in immature ovary indicates new 
protein synthesis during ovarian maturation. Besides, at least three polypeptides 
showed quantitative differences, either increased or decreased, from immature to 
mature stages. 
Some particular lipid classes are important for embryonic and larval development in 
crustaceans (Chen, 1993; Kontara et al.’ 1997; Mourente and Rodriguez, 1997; Gong 
et al.’ 2000). In crustaceans, one of the major lipid classes is triacyglycerol (TAG) 
that predominantly acts as energy reservoir. TAG has twice the energy content per 
molecule compared to carbohydrate and protein, and is believed to provide energy 
for embryonic and early larval development. Phospholipids such as 
phosphatidylcholine (PC) and phosphatidylethanolamine (PE) are the major 
structural lipids in shrimp ovary. Teshima et al.’ (1989), Mourente and Rodriguez 
(1991), and Wouters et al (2001) found that PC and PE were the major lipid 
components responsible for the increase of total lipid content during crustacean 
ovarian maturation. Phospholipid is one of the components of cell membrane and is 
considered to be important in the process of embryonic development and larval 
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growth. In addition to TAG, PC and PE, cholesterol and polyunsaturated fatty acids 
(PUFA) are also important components of lipid in the penaeid shrimp ovary. Because 
penaeid shrimp cannot synthesis some cholesterol and PUFA de novo, the sources of 
these two classes are probably from the diet. 
2.4 Endocrine control of ovarian maturation in penaeid 
shrimp 
The first evidence for hormonal activities in crustaceans was obtained in the 1920’s. 
Since then, a wide variety of physiological processes has been shown to be 
controlled by hormones in crustaceans (reviewed by Fingerman, 1987; 1997a,b). For 
the past fifty years, numerous investigations concerning crustacean reproduction 
have switched to identification of factors controlling ovarian maturation and more 
than ten hormones or factors have been reported to participate in controlling ovarian 
maturation, which fall into four classes based to their biochemical nature: peptides, 
steroids, terpenoids and biogenic amines (reviewed by Quackenbush, 1986). 
2.4.1 Peptides 
2.4.1.1 The X-organ sinus gland (XOSG) complex 
Many behavioral and physiological processes in crustaceans are regulated by 
neurohormones. Crustacean neuroendocrine centers are mainly found in the eyestalk, 
brain and thoracic ganglion. Of these neurohormonal regions, the sinus gland (SG) 
located in the eyestalk is the most fully characterized in terms of its anatomy, 
physiology, ultrastructure, and the chemistry of its peptide constituents (reviewed by 
ReSkinner, 1985; Beltz, 1988). The sinus gland (SG) is a neurohemal organ formed 
by aggregates of nerve endings from neurosecretory cells in various regions of the 
nervous system. Of the various neurons contributing to the formation of sinus gland, 
a cluster of neuroendocrine cells situated in the median ventral portion of the medulla 
terminalis is called the X-organ. SG stores and releases neuropeptides produced by 
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the X-organ into the circulation. This neurosecretory system is called the X-organ 
sinus gland complex (XOSG). 
Neuropeptides secreted from the XOSG complex can be classified into two major 
groups based on their peptide structures and functions. One of the two groups, known 
as the CHH/MIH/GIH family, mainly involves in regulating metabolism, growth and 
reproduction. This family includes crustacean hyperglycemic hormone (CHH), molt 
inhibiting hormone (MIH), gonad inhibiting hormone (GIH) and the mandibular 
organ inhibiting hormone (MOIH). Ion transport peptide (ITP) and ITP-like (ITP-L), 
identified in insects, were also found to be similar to the CHH/MIH/GIH family 
peptides (Chen et al., 2005). The other group of peptides regulate pigment granule 
movement called chormatophorotropins. The total number of chromatophorotropins 
present in any species remains unknown, but they can be differentiated into two sets. 
The hormones triggering chromatophoral pigment dispersion and ommatidial light 
adaptation belong to one set (pigment-dispersing hormone (PDH) for example). The 
other set is responsible for chromatophoral pigment concentration and ommatidial 
dark adaptation, such as red pigment-concentration hormone (RPCH). CHH, MM, 
GIH, RPCH and PDH were found to be co-located in the XOSG complex of crabs, 
crayfish, lobsters and shrimps based on immunochemical studies (Van Heip and 
Soyez, 1998). In this section, major findings concerning the gene structure and 
functions of these neuropeptides will be reviewed, except for MOIH which will be 
discussed together with methyl famesoate (MF) in section 1.3.3.1，since MOIH 
regulates ovarian maturation through the control of MF synthesis. 
2.4.1.2 Gene structure of eyestalk hormones 
2.4.1.2.1 CHH/MIH/GIH family peptides 
CHH/MIH/GIH family neuropeptides are 72 to 87 amino acid residues in length with 
a molecular weight ranged from 8 to 11 kDa. This family is evolutionarily conserved, 
because these neuropeptides share a high degree of structural similarities, amino acid 
10 
sequence homology and the conservation of the six cysteine residues paired to form 
three intra molecular disulfide bridges arranged in a (1,5), (2,4), (3,6) fashion (Beltz, 
1988; De Kleijin and Van Herp, 1995; Keller, 1992). 
According to sequence homology and functional divergence, this family can be 
further divided into two subfamilies, CHH/ITP and MIH/GIH, each of which consists 
of two major subtypes (De Kleijin and Van Herp, 1995). This classification is 
supported by precursor sequence characters. For example, a precursor- related 
peptide and a KR or RR dibasic residue processing site present in precursor 
sequences of the CHH and ITP subgroups, while the signal peptide of most MIH and 
GIH prohormones were found to precede the mature peptide directly (Chen et aL, 
2005). In addition, two distinctive differences between these two subfamilies in the 
mature peptide region were identified. A deletion of amino acid residue was found in 
the sequences of the CHH/ITP subgroup at the fifth position after the first conserved 
cysteine residue, in contrast to the glycine at the same position of the MIH/GIH 
subgroup sequences. Besides, the fourth position preceding the second conserved 
cysteine was Leucine in the CHH/ITP subgroups, but it was substituted by Valine in 
the MIH/GIH subgroup. 
Exon-intron organization of CHH/MIH/GIH family genes have been intensively 
studies by Chan et al. (2003) and Chen et al (2005). Two types of genes with 
different exon organizations have been observed in the CHH/MIH/GIH family. 
Four-exon CHH genes were found in a wide range of pan-crustacean (crustacean and 
hexapod) taxa, except in the penaeid species, from which the 3-exon CHH genes 
were reported. Most of the four exon genes were reported to have 2 transcribing 
forms: one contained exon III in the coding region, while another bypassed it. The 
transcribing form with exon III (exon I-II-III-IV) was considered as a novel isoform 
(Meredith et al,, 1996; Gu, 2000; Chen et aL, 2003; Dircksen et al., 2001). The 
3-exon structure was found to be conserved in the MIH and MOIH genes which are 
probably a consequence of the fewer number of genes that have been isolated (Chan 
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et aL, 2003). Although these two types of CHH/MIH/GIH family genes were 
different from each other by exon numbers, there is a common design at the 
exon-exon junction in the mature peptide segments. The reading frame of a mature 
peptide segment is separated by a phase 2 intron (exon-intron boundary after the 
second base of a codon) in both cases. The residue at the breading point is located 
right after the fourth conserved cysteine, and only arginine or lysine is found at this 
position (Chen et aL, 2005). 
When mature crustacean CHH/MIH/GIH peptide sequences in GenBank were 
subjected to motif analysis, eight motifs were found and named by ranking the 
E-value (Chen et al.，2005). The core motifs 1 and 3 were found in all sequences, 
which cover five of the six conserved cysteine residues, but the motif configuration 
of CHHs differs from that of MIHs or GIHs in both N and C terminals. In vitro 
expression experiments with CHH/ITP subfamily peptides revealed the importance 
of the C-terminal modification to biological activity (Wang et al., 2000; Katayama el 
aL, 2002). By comparing the solution structure with CHH from Marsupenaeus 
japonicus, Katayama et al. (2003) found that the helix al and C terminal region in 
MIH structure were determinant for the functional specificity. In view of molecular 
evolution, it is possible that the N-terminal and C-terminal regions play important 
roles in hormone function (Chen et al” 2005). 
Interestingly, Chan et al. (2003) proposed that the molecular evolution of the 
CHH/MIH/GIH family was similar to that of the vertebrate growth hormone (GH) 
family containing GH, placental lactogen (PL) and prolactin (PRL). GH and PRL are 
structurally very similar, but functionally completely different. All mammalian GH 
and PL genes are structurally similar and share >92% sequence identity. This is also 
true for the CHH/MIH/GIH family to some extent. Therefore, it is likely that the 
evolution of CHH/MIH/GIH gene family also involves a gene duplication as well as 
genome duplication. Based on the primary amino acid sequence and gene structure, 
they proposed a model for the evolution of this gene family. CHH mutated and 
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duplicated to give rise to CHH-Al and CHH-A2 gene through genome duplication. 
Some CHH-A gene mutated to form MIH gene subtype. A few of the CHH-A 
isoforms will mutated to form the CHH-B gene during evolution. However, the 
actual evolutionary history of the CHH/MIH/GIH neuropeptide family remains to be 
further explored. 
2.4.1.2.2 Chromatophorotropins (RPCH/PDH family) 
In 1972，Fernlund and Josefsson isolated and characterized the first crustacean 
neuropeptide hormone from the eyestalk of shrimp Pandalus borealis, called red 
pigment concentrating hormone (RPCH) with the sequence pELNFSPGW-NH2. The 
primary structures of RPCHs are identical (an octapeptide), suggesting that only one 
RPCH molecule exists in crustaceans. Crustacean RPCH and insect adipokinetic 
hormone (AKH) show biological cross-reactivity, and can be grouped together to 
form a peptide family. Besides, these peptides maintaining some critical degree of 
sequence homology, these polypeptides seem to have evolved appropriate molecular 
modifications to serve unique functions in different species. In contrast to the 
conserved nature of RPCH in all crustaceans studied (Keller, 1992)，AKH is very 
variable in insects (Gade, 1991). All AKH and RPCH-precursors, however, share a 
basic architectural plan (Klein el ciL, 1995). The encoding region is subdivided into 
signal peptide, hormone, and precursor related peptide (PRP). The primary amino 
acid sequences of AKH/RPCH hormones are relatively conserved while the 
corresponding PRPs differ significantly both in length and amino acid sequences. 
The signal peptides, like the case of PRPs, vary between the insect and crustacean 
precursor. Only within the corresponding arthoropod group are the signal sequences 
identical or highly similar. 
Fernlund (1976) isolated and sequenced an octadecapeptide from the eyestalks of the 
shrimp Pandalus borealis, which had distal reginal pigment dispersing activity. It 
also had pigment dispersing activity in epidermal chromatophores and was named 
PDH. Thereafter, PDHs were isolated and sequenced from several crustacean species 
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as well as two insect species, all of which were shown to be octadecapeptideds. 
Similar to AKHs/RPCHs, PDH precursors can be subdivided into three parts with 
different sequence characteristics that signal peptide of AKHs/RPCHs 
preprohormones were found to precede the mature peptide directly (Martinez-Perez 
et al., 2005) while a precursor-related peptide (PPRP) and a dibasic residue 
processing site were found in precursor sequences PDHs (Desmoucelles-Carette et 
a].’ 1996). Signal peptides of these preproPDH sequences appear variable in 
crustaceans. This is not a surprise, because it is well-established that signal peptides 
are extremely variable. However, the PPRPs have low variability among different 
species suggesting that they may have an unknown physiological function 
(Hubermaii, 2000). A comparison of PDH hormone sequences shows that PDH 
hormones are highly conserved in different species investigated to date. Differences 
between those hormones are generally carried by amino acids at positions 8 (leucine 
or isoleucine), 11 (leucine or isoleucine) and 17 (aspartic acid or glutamic acid) 
(Yang et al., 1999). These can be divided into two subtypes, a-PDH and P-PDH. The 
most significant difference between the subtypes is at position 3，where Gly is found 
in a-PDH and Glu in p-PDH. The fact that proPDHs maintain some critical degree of 
sequence homology indicates conserved evolutionary history of PDHs. 
2.4.1.3 Functions of eyestalk neurohormones 
2.4.1.3.1 CHH/MIH/GIH family neuropeptides 
Crustacean hyperglycaemic hormone (CHH) 
CHHs, primarily involved in carbohydrate metabolism, are released in response to a 
variety of internal and external signals to meet the energy needs of physiologic 
compensation (Keller and Sedlmeier, 1988) and are the most abundant neuropeptides 
in the SG (Huberman，2000). In addition to the XOSG complex, CHH mRNAs are 
also expressed in the ventral nervous system in the lobster Homarus americanus (De 
Kleijn et al., 1995a) and the shrimp Metapenaeus ensis (Gu et al,, 2000). 
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Recent studies have demonstrated that CHH is a physiologically important 
neuropeptide that not only regulates hemolymph glucose level but also regulates 
other processes, including reproduction, molting (Yasuda et al., 1994; Aguilar et al., 
1996; Chang, 1997; Webster, 1998), secretion of digestive enzymes (Keller and 
Sedelmeier, 1988) and regulation of ion and water balance (Spaiiings-Pierrort et al, 
2000; Serrano et al, 2003). The isomerism of CHH prohormone at post-translational 
level may contribute to the diverse biological effects of CHH (Yasuda et al., 1994). 
The effects of CHH on ovarian maturation in crustaceans have been intensively 
studied. The pathway for CHH to regulate ovarian maturation varies among different 
species leading to stimulatory or inhibitory effect. De Kleijin et al. (1998) reported 
that CHHs are involved in triggering the onset of vitellogenesis in lobster Homarus 
americanus. The levels of mRNAs encoding CHH-A/B in X-organs of female lobster 
were much higher in mature stages than that in immature stages. Besides, the levels 
of CHH-A/B peptides in hemolymph are the highest during previtellogenesis stage. 
An inhibitory effect for CHH on crustacean ovarian maturation has been found 
through the regulation of methyl famesoate (MF) synthesis in crafish Procambarus 
clarkia (Laufer et al, 1994) and crab Libinia emarginata (Liu and Laufer, 1996). 
MF is a hormone that stimulates ovarian development (see section 1.3.3.1). 
Molt-inhibiting hormone (MIH) 
More than one hundred years ago, Zeleny (1905) observed a dramatic shortening of 
the molting interval in eyestalk ablated fiddler crab, Uca pugilator. This observation 
led to the postulation of a factor that acts as a molt inhibiting hormone in the eyestalk. 
This finding was further supported by an in vitro incubation of the Y-organ with 
eyestalk extracts, in which, the natural release of ecdysteroids was slowed down or 
stopped (Quackenbush, 1986). In isopod and amphipod crustaceans, MIH was 
reported to be involved in the regulation of reproduction through the regulation of 
ecdysteroid secretion. In vitro incubation of ovaries with ecdysone stimulated 
vitellogenesis in the isopod Porcellio dilatatus (Quackenbush, 1986) but inhibited 
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vitellogenesis in barnacles (Fyhii et al.，1977). However, direct effects of ecdysteroid 
on reproduction have not yet been reported in decapod crustaceans. 
Gonad-inhibiting hormone (GIH) 
GIH has been isolated and purified as a peptide in some crustacean species including 
the American lobster Homarus americanus (Soyez et al., 1987) and the Mexican 
crafish Procambarus bouvieri (Aguilar et al., 1992). In situ and 
immunocytochemistry analysis showed that GIH is expressed in the eyestalk of both 
male and female lobster Homarus americanus (De Kleijin et al” 1992) and Homarus 
gammarus larvae (Rotllant et al.，1993). In general, the GIH inhibits ovarian 
maturation in the female decapods and restricts the size of the testes in males 
(reviewed by Chaves, 2000). Heterologous bioassays demonstrate that the inhibitory 
effect of GIH is not species-specific (Quackenbush and Keeley, 1988; Aguilar et al, 
1992). 
Analyses of GIH mRNA (originally identified as Mffl-B) (Gu et a!； 2002a) and 
protein (Lo, 2002) levels during ovarian maturation demonstrate that the expression 
of GIH is related to the reproductive cycle in the shrimp Metapenaeus ensis. A lower 
level of GIH mRNA transcript in XOSG complex was found in the immature stage. 
As gonad maturation progressed, the level of GIH mRNA increased steadily to reach 
a maximum at the final stage of maturation, but the levels decreased again in 
post-spawned females. In contrast, the circulating GIH level in the hemolyph was 
highest at the immature stage of ovarian maturation. The high level of GIH in 
hemolymph may inhibit the onset of vitellogenesis, while the higher mRNA level at 
maturation may reflect the need for re-inhibition after vitellogenesis. 
The regulatory mechanism of GIH is proposed by a series of in vitro studies. GIH 
may either directly inhibit vitellogenin synthesis in ovary (Quackenbush, 1989; Lee 
and Watson, 1995) or bind to the receptor with a higher affinity to prevent 
vitellogenin uptate by the oocytes from non-ovarian source (Jugan and Soyez, 1985). 
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2.4.1.3.2 Chromatophorotropins 
RPCH is widely distributed throughout the central nervous system of crustaceans 
(Fingerman and Nagabhushanam, 1997), while PDH can only be detected in the 
eyestalk and the brain (De Kleijin et aL, 1992). The presence of RPCH in neurons 
that have no neurosecretory function raised the speculation of other functions of 
RPCH in addition to regulation of pigmentation. Sarojini et al. (1995a) investigated 
the effect of RPCH on ovarian maturation of the crafish Procambarus clarkia by in 
vivo and in vitro studies. The positive effect of RPCH on ovary maturation may be 
mediated by stimulating the synthesis of MF in mandibular organs (Landau et aL, 
1989) and/or gonad stimulating hormone (GSH) in the brain and thoracic ganglia 
(Sarojini et al.’ 1995a). In contrast to the multiple functions of RPCH, there is little 
information concerning the functions of PDH other than regulation of eye pigment 
movements. 
In summary, although the physiological effects of these neuropeptides secreted from 
the eyestalk have been known for a long time, there can be little doubt that many 
more neuropeptides await complete characterization. It can be predicted that further 




It was well established that ecdysone or ecdysteroid acts as molting hormone in 
insects and crustaceans. The prothoracic gland is the primary source of ecdysone in 
insect. The Y organ is the source of molting hormones in crustaceans (Buchliolz and 
Adelung, 1980; Birkenbeil and Eckert, 1983). The major ecdysteroid produced in 
vitro by the Y-organ of the penaeid shrimp is 3-dehydroecdysone, but the major 
circulating ecdysteroid in premolt animals is 20-hydroxyecdysone (Huberman, 2000). 
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The circulating titer of 20-hydroxyecdysone varies dramatically along the molt cycle. 
Immediately after ecdysis, the level of 20-hydroxyecdysone remains low during 
intermolt stage. Before the actual molt, there is a dramatic surge takes place, 
followed by a precipitous drop. 
Correlation between vitellogenesis and hemolymph ecdysteroid titers has been 
reported in some crustaceans. The effects of ecdysteroid injections or in vitro 
incubations have been either inhibitory or stimulatory (Fyhn et al.，1977; 
Quackenbush, 1986). However, direct effects of ecdysteroid on reproduction have 
not yet been reported in decapod crustaceans. By now, there is no coherent model for 
the role of ecdysteroids in crustacean reproduction. 
2.4.2.2 Vertebrate-type steroids 
Several vertebrate-type steroid hormones such as estrogen and progesterone have 
been identified in crustaceans (Lisk，1961; Nikitina et aL’ 1977; Jeng et al.’ 1978; 
Couch et aL, 1987; Ghosh and Ray, 1993). 
The levels of 17/?-estradiol in ovary, hemolymph and hepatopancreas are closely 
related to the stages of ovarian maturation in Penaeus monodon (Quinitio et al., 
1994), Homarus americanus (Couch et al, 1987)，Macrobrachium rosenbergii 
(Fingerman and Nagabhushanam, 1997; Ghosh and Ray, 1993), and with high levels 
in animals with maturing and/or matured ovaries. 
Similar to 17y9-estradiol, significantly high level of progesterone has been detected in 
ovary, hepatopancreas and hemolymph of Penaeus monodon with matured ovaries. 
The progesterone levels were low or undetectable in shrimps with immature and 
spent ovaries (Quinitio et al.’ 1994). Progesterone has been shown to stimulate 
oogensis in Parapenaeopsis hardwickii (Kulkarni et al, 1979b) and promoted 
ovarian development in the shrimp Metapenaeus ensis (Yano, 1985) by in vivo 
studies. The parallel variation in the levels of progesterone and vitellogenin during 
ovarian maturation in Penaeus monodon indicates a positive effect of progesterone 
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on vitellogenesis (Quinitio et al, 1994). In vitro incubation of ovarian tissue with 
17a-hydroxyprogesterone significantly enhanced ovarian maturation in Penaeus 
vannamei, while progesterone, dihydroxyprogesterone and 17y9-estradiol had no 
effect on oocyte diameter (Tsukimura and Kamemoto, 1991). These results indicated 
that 17a-hydroxyprogesterone is the physiologically active form of progesterone and 
acts directly to stimulate ovarian maturation. 
2.4.3 Terpenoids 
2.4.3.1 Methyl farnesoate 
Methyl farnesoate (MF) is an unepoxidated sesquiterpene, which is structurally 
related to the juvenile hormone III (JH III) of insects (Borst and Laufer, 1990). 
Laufer et al. (1987a) first found that MF was synthesized by mandibular organ (MO) 
in crustaceans and showed that MF is functionally related to reproduction, acting as a 
gonadotropin. 
The circulating titers of MF in heamolymph have been shown to be positively related 
to ovarian maturation in some crustaceans, such as Libinia emarginata (Borst and 
Laufer, 1990), Cancer pagurus (Wainwright et al.，1996; 1998) and Nephrops 
norvegicus (Rotllaiit et al, 2001). The concentration of MF in the hemolymph is 
important in initiating ovarian development and regulating the rate at which 
maturation takes place (Jo et al.’ 1999). In vivo study showed that exogenous MF can 
stimulate and enhance ovarian maturation in a dose dependent manner in the crayfish 
Procambarus clarkii (Laufer et al.，1998), indicating the stimulating role of MF in 
vitellogenesis. 
Eyestalk ablation resulted in hypertrophy of the MO and increased MF level in 
heamolymph (Wainwright et al.，1996; Liu and Laufer, 1996). Removal of eyestalk 
caused a significant increase of MF level in the heamolymph of Libinia emarginata 
(Laufer et al., 1986; 1987b)，Homarus americanus’ Orconectes virilis (Tsukimura et 
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al.’ 1989) and Nephrops norvegicus (Rotllant et al,, 2001). Similarly, significant 
inhibition of MF synthesis was found when MO was incubated in vitro with eyestalk 
extract in Libinia emarginata (Borst and laufer, 1990). The inhibitory factor to MF 
synthesis and secretion is known as mandibular organ-inhibiting hormone (MOIH) 
which belongs to the CHH/MIH/GIH family in the XOSG complex. MOIH exerts its 
inhibitory effect by reducing the activity of famesoic acid-O-methyl transferase, the 
last enzyme in the MF biosynthetic pathway, through a post-translational 
modification (Holford and Borst, 2000; Borst et al., 2001). In addition to MOIH, MF 
synthesis in MO is also inhibited by serotonin (5HT) based on in vitro study (Laufer 
et al, 1993). In contrast to the inhibitory effects of MOIH and 5HT, RPCH seems to 
have a stimulating effect on MF synthesis and secretion from MO (Landau et al” 
1989; Chang, 1993). 
2.4.3.2 Carotenoids and retinoids 
As the source of provitamin A, carotenoids function in crustaceans has normally 
been ascribed to pigmentation. A few studies have revealed the functions of 
carotenoids and retinoids as antioxidant reagent (Miki，1991; Miki et al.’ 1994). In 
crustaceans, ovarian maturation is characterized by the accumulation of carotenoids. 
Pigment deficiency syndrome is associated with a loss of carotenoids in crustacean 
ovaries and egg yolk. Thus carotenoids are thought to play a role in crustacean 
reproduction (Gilchrist and Lee, 1972; Lee and Gilchrist, 1972). Carotenoids also 
affect the endocrine system relative to gonadal development and maturation in 
crustaceans (Meyers, 1994). Lina-Cabello et al. (2003) compared the concentrations 
of carotenoid and vitamin A in ovary and digestive gland of captive and wild female 
shrimp Penaeus vannamei. The carotenoids and vitamin A concentrations from 
captive female shrimp were significantly lower with respect to wild females of the 
same stage. Injection of carotenoids has also been reported to induce ovarian 
maturation in Penaeus vannamei (Lina-Cabello et al., 2004a). These results implies 
2 0 
that supplementation of carotenoids is important for ovarian maturation of captive 
shrimp. 
The presence of carotenoids and retinoids in the eyestalk of shrimp (Castillo and 
Negre-Sadargues, 1991; Dall，1995) point out that retinoids are important 
metabolites in shrimp reproduction. Due to the unstable and chemically reversible 
nature of carotenoid molecules (Wolf, 1984; Matsuno, 1991), many studies have 
been focused on the function of retinoids (Dall, 1995; Lina-Cabello et al., 2004a,b), 
the physiological active form of carotenoid. It may be expected that retinoids, 
especially retinoid acids (RA), are involved in activation of nuclear receptors of 
retinoids to regulate corresponding gene transcription (Lina-Cabello et al, 2002). 
Although these facts have not been confirmed in crustaceans, recent findings point 
out that similar functions mechanisms may exist in crustaceans, because retinoid-X 
receptor (RXR) as well as retinoic acid binding protein have been identified in 
crustaceans (Chung et al, 1998; Gu et al., 2002b; Kim et al., 2005; Wang et al, 
2007). 
2.4.4 Biogenic amines 
Biogenic amines such as 5-hydroxytryptamine (5HT or serotonin), dopamine (DA) 
and methionine enkephalin (Met-ENK) are well documented neurotransmitters 
implicated in ovarian maturation of crustaceans. Their functions and modes of 
actions have been reviewed by Fingerman (1997b). 
5HT is present in the central nervous system of crustaceans (Fingerman et cd., 1994). 
Before the findings on the relationship of 5HT and reproduction, 5HT had been 
found to be involved in the regulation of some crustacean neurohormones, including 
CHH (Van Herp and Kallen, 1991) and MIH (Mattson and Spaziaiii, 1985). 
Supporting evidence for the function of 5HT as neurotransmitter to stimulate ovarian 
maturation was obtained by both in vivo and in vitro studies in the crayfish 
Procambarus clarkii (Sarojini et a/., 1995b). 5HT exerts its stimulating effect on 
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ovarian maturation only in the presence of brain and/or thoracic ganglia indicating 
that 5HT functions to stimulate the release of gonad stimulating hormone (GSH) 
instead of acting on the ovary directly. Vaca and Alfaro (2000) compared the effects 
of 5HT injection and eyestalk ablation on ovarian maturation and spawning of 
Penaeus vannamei. Although eyestalk ablation induced a higher rate of maturation 
and spawning compared to 5HT injection, ablated females could not maintain a 
sustainable reproductive performance due to physiological exhaustion. Recently, Tiu 
et al. (2005) cloned and characterized the gene and the cDNA of a putative 5HT 
receptor from the shrimp, Metapenaeus ensis. This facilitates further study of the 
mechanism of 5HT action in controlling shrimp reproduction. More data concerning 
the effect and mechanism of 5HT on shrimp ovarian maturation would be 
meaningful for making 5HT be a practical alternative to eyestalk ablation in the 
aquaculture industry. 
In crustaceans, DA serves as both a neurotransmitter localized in the nervous system 
(Butler and Fingermaii, 1983) and a neurohormone in the hemolymph (Elofsson et 
al., 1982). In addition to the regulation of crustacean neurohormone secretion, DA 
was found to inhibit ovarian maturation of the crayfish, Procambarus clarkii by in 
vivo and in vitro studies (Sarojini et al,, 1995c; 1996a). The mechanisms of 
inhibitory effect of DA on ovarian maturation have been proposed by Fingerman and 
Nagabhushanain (1997), such as inhibition of GSH release and/or stimulation of GIH 
release. DA receptors have been cloned recently from the spiny lobster, Panulirus 
interruptus (Clark and Baro, 2006; 2007). Functional study of DA receptors will help 
to elucidate the dopaminergic transduction cascades operating in the central nervous 
system of crustaceans. 
Met-ENK is an opioid present in the crustacean nervous system (Fingerman et al, 
1985). The presence of ENK in hemolymph has not been reported. However, 
Coletti-Previero et al (1985) reported the presence of enkephalin-degrading enzymes 
in the hemolymph of the crayfish Astacus fluviatilis. In vivo studies indicated that 
2 2 
Met-ENK could inhibit ovarian maturation in the crayfish, Procambarus clarkii 
(Sarojini et al., 1996b) and the crab, Oziotelphusa senex senex (Kishori and Reddy, 
2000). The inhibitory effect of Met-ENK could be mediated by stimulating GIH 
release or inhibiting GSH release, or both (Fingerman and Nagabhushanam, 1997) 
2.5 Reproductive biology of the shrimp Metapenaeus ensis 
Metapenaeus ensis (de Haan, 1844) is one of the major economic species in the 
shrimp fisheries of Asian countries. Metapenaeus ensis is found on sandy-mud or 
muddy bottoms up to a depth of 95 m (Leung et al,，2004). The life cycle of M. ensis 
has been reviewed by Cheung (1964). The shrimp stays in estuarine inshore water 
during larval and juvenile stages, and migrates to offshore water for spawning. Based 
on fishery catch in Hong Kong, Chu et al. (1993) found that the development of 
ovary was arrested from November to January. The shrimp undergoes successive 
molts at this period and increases in body size. In March, the number of newly 
molted shrimps decreases and the proportion of shrimps with maturing and matured 
gonads increases. From March to November, the ovaries of the shrimp become 
mature with two major spawning peaks, one in May and the other in August to 
September. 
Based on the appearance of ovary and the gonado-somatic index (GSI) (Yano, 1985; 
Chu et aL, 1993), ovarian maturation stages of M, ensis are usually classified into 
five stages: 
Stage I: Immature, GSI <2%; the ovary is small, transparent with no distinguishable 
outline, and is not visible externally from dorsal exoskeleton. 
Stage II: Developing, GSI is between 2-3%; the ovary increases in size and is visible 
as a thin opaque line along the dorsal central axis 
Stage III: Early mature, GSI is between 3-6%; the ovary is visible as a thick opaque 
line as compared to the previous stage and turns to yellow in color. 
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Stage IV: Late mature, GSI is between 6-9%; the ovary is swollen, expanded and 
opaque; the outline is distinct with much expansion in the anterior region; the 
color of ovary varies from light green to green. 
Stage V: Ripe, GSI >9%; the ovary is turgid, broad and densely opaque; the outline 
is distinct; the color of ovary is dark green; spawning is imminent. 
Early in 1985, Yano reported that progesterone injection could induce ovarian 
maturation and spawning in M. ensis. However, information on the molecular 
changes of ovary during maturation is fragmentary and superficial. In the recent 
decade, more than ten genes related to ovarian maturation have been isolated and 
characterized from the shrimp M ensis. These genes are mainly expressed in 
eyestalk, hepatopancreas and ovary. In the following paragraphs of this section, these 
genes will be discussed based on their tissue distributions. 
Two vitellogenin sequences (MeVgl and MeVg 2) have been identified and 
characterized from M. ensis (Tsang et al 2003). MeVgl was detected in the ovary 
and hepatopancreas, while MeVg2 was only expressed in the hepatopancreas. 
Highest mRNA level of Vg in hepatopancreas was observed in late maturation stage 
(stage V), in comparison to that observed in early exogenous vitellogenetic stage 
(stage IV) in ovary (Kung et al, 2004; Tiu et al.’ 2006). In oviparous vertebrates, 
estrogen hormones play a key role in regulating vitellogenin mRNA transcription 
through their receptors (Soverchia et al” 2005; Om et al, 2006). Although no 
estrogen receptor has been identified in crustaceans, Wu and Chu (2007) cloned and 
characterized heat shock protein 90 gene from the shrimp M. ensis. In vitro ovary 
explant assay reveals that a strong correlation between estrogen hormones and the 
transcription of Hsp90 in shrimp, suggesting that the expression of vitellogenin may 
be under the regulation of estrogen hormones through a mechanism similar to that in 
vertebrates. 
To better understand the molecular events of ovarian development in penaeid shrimp, 
Lo et al. (2007) reported the identification of several differentially expressed genes 
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in ovary during ovarian maturation in M. ensis using RNA arbitrarily primed 
polymerase chain reaction (RAP-PCR). The genes identified include translationally 
controlled tumor protein (TCTP)，cytoskeletal actin, keratin, glyceraldehydes-3-
phosphate dehydrogenase (GAPDH), arginine kinase (AK), high mobility group 
1-like protein (HMGl-like protein), nucleoside diphosphate kinase, heat shock 
protein 70 (hsp70), peptidyl-prolyl cis-trans isomerase (PPIase) and glutathione 
peroxidase (GPx). The expression patterns of these genes suggest the coordination of 
several metabolic processes involved in the regulation of ovarian maturation, 
including (1) organization of various kinds of cytoskeleton in providing a framework 
for organelles positioning, chromatin movement and cell shape maintenance; (2) 
enzymatic activities for synthesis of ATP demanded for active cellular activities; (3) 
regulation of ovarian maturation by repressive transcriptional factors; and (4) 
involvement of molecular chaperones in stabilizing the protein synthesized during 
ovarian development. 
A number of peptide hormones secreted from eyestalk have been found to be related 
to shrimp ovarian maturation (see section 1.3.1). Most members of these 
neuropeptides belong to the CHH/MIH/GIH family. Genes encoding CHH/MIH/GIH 
family peptides (CHH-A, CHH-B, MIH-A and MIH-b) have been isolated and 
sequenced from M. ensis and the spatiotemporal expression patterns have also been 
investigated (Gu and Chan, 1998a，b; Gu et al., 2000; Gu et al, 2002a). The two 
amino acid sequences for CHHs (MeCHH-A and MeCHH-B) share 85% identity. 
Both of them can be detected in the eyestalk and MeCHH-B is also present in the 
central nervous system with a low level. Interestingly, their mRNA expression levels 
in the eyestalk during ovarian maturation are quite different. At the mid-vitellogenic 
stage, maximum level of MeCHH-A, in contrast to minimum level of MeCHH-B， 
were detected. Two cDNAs for MIH (MeMIH-A and MeMIH-B) have been isolated. 
Their amino acid sequences share only 68% identity, indicating that the two peptides 
may have different functions. MeMIH-A can be detected in the eyestalk and brain, 
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while MeMIH-B can be detected in the eyestalk, brain, thoracic ganglion and ventral 
nerve cord. The MeMIH-B was speculated to have a function more resembled to 
GIH rather than MIH because of the higher mRNA expression level in the eyestalk 
of shrimps with immature ovaries as compared to those with maturing ovaries. Using 
ELISA, the circulating level of MeMIH-B/GIH in the hemolymph was determined. 
The results showed that the circulating GIH level was the highest in shrimps with 
immature ovaries and dropped dramatically and maintained low in shrimps with 
maturing and matured ovaries (Lo, 2002). 
In crustaceans, 5-HT has been shown to mediate many physiological processes 
including glucose metabolism, circadian rhythms, behaviour, feeding and 
reproduction (Fingerman et ah, 1994; Fingerman，1997b). The effect is postulated to 
act via the secretion of different eyestalk neurohormones (Fingerman, 1997b; Lee et 
al., 2001; Sai'ojini et al, 1995b). Tiu et al. (2005) cloned and characterized the gene 
and the cDNA of a putative 5HT receptor from the shrimp M. ensis. This facilitates 
further study of the mechanisms of 5-HT on different physiological process. 
The presence of carotenoids and retinoids in the eyestalk of shrimp (Castillo and 
Negre-Sadargues, 1991; Dall, 1995) suggests that retinoids are important 
metabolites in shrimp reproduction. At present there is no report on the purification 
or identification of retinoic acid in crustaceans. Gu et al. (2002b) cloned and 
characterized a cDNA belonging to a member of retinoid/fatty acid binding protein 
family from the ovary and eyestalk of M. ensis. This provides a indirect evidence that 
retinoic acid or the related metabolites may be present in crustacean. 
MF and ecdysteroids have been implicated in the regulation of crustacean 
development and reproduction. The famesoic acid O-methyltransferase (FAMeT), 
which is the enzyme controlling the rate determinating step of MF synthesis, has 
been cloned and characterized (Silva Gunamardene et al, 2001, 2002) from M. ensis. 
The ubiquitous distribution of FAMeT suggests that this enzyme is involved in 
physiological processes in addition to gametogenesis, oocyte maturation and 
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development and metamorphosis of the shrimp. The isolation of several shrimp 
cDNAs homologous to insects ecdysone inducible genes from M. ensis, i.e. FTZ-Fl 
(Chan and Chan, 1999) and E75 (Silva Gunamardene et al, 2001), suggests that 
crustaceans and insects may share a similar regulatory mechanism for the control of 
molting at the molecular level. 
Because of the availability of these biological findings and the long spawning season, 
M. ensis is chosen as animal model for the present research. 
2.6 Proteomics 
The term ‘proteome’ was first proposed by Wasinger et al. (1995) and was later 
characterized by Pennington et al. (1997) as an indicator of proteins expressed by a 
'genome' at specific conditions. Recent developments and combinations of 
two-dimensional electrophoresis (2DE) and MALDI-TOF mass spectrometry 
techniques, as well as the availability of large-scale genomic database, have greatly 
promoted the development of proteomics. Unlike genomics, which focuses on gene 
expression patterns, proteomics provides global protein expression information, 
therefore allowing direct identification of proteins involved in specific physiological 
or developmental processes. 
Proteins that are differentially expressed during oocyte maturation have been 
investigated in several vertebrates, including mouse (Vitale et al” 2007), cattle 
(Bhojwani et al., 2006)，pig (Ellederova et al,, 2004), frog (Sato et al., 2002) and 
zebrafish (Knoll-Gellida et aL, 2006). There is no report concerning proteomic study 
of invertebrate ovary. While a large proportion of the proteins identified could be 
housekeeping gene products, 2DE based proteomic study provide an alternative 
pathway for investigation of the unknown world in reproduction biology. 
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Chapter 3 Identification of proteins differentially 
expressed during ovarian maturation in the shrimp 
Metapenaeus ensis 
3.1 Introduction 
Female shrimp reproductive biology is one of the main concerns in formulating 
proper management practices for the fishery society. The development of shrimp 
ovary is based on a finely regulated network of gene activity, as well as 
protein-protein interactions and activation or silencing of signal pathways. Many 
aspects of the molecular cascade that drive oocyte development in shrimp remain 
poorly understood. In order to reveal the molecular events that underlie ovary 
development of penaeid shrimps, it is essential to investigate all of the molecular 
changes, from mRNA level to protein level, during this process. 
A number of critical genes differentially expressed during ovarian maturation process 
have been identified in the shrimp Metapenaeus ensis by arbitrarily primed PGR 
(RAP-PCR) (Lo et al, 2007), but it is difficult to infer their functions in ovarian 
development as some of them may serve as maternal mRNAs that encode regulators 
of embryogenesis, which are translationally silenced during oogenesis. Furthermore, 
many of the proteins in the oocyte maturation pathway are activated or inactivated by 
post-translational modifications, and data from mRNA level alone does not provide 
information about the presence of different protein isoforms or posttranslational 
modifications of proteins. Therefore, it can be expected that the important 
information necessary for the full development of oocytes could be resolved at 
protein level. This study aims to provide more information concerning shrimp 
ovarian maturation in Metapenaeus ensis by comparative proteomic study which can 
provide a clearer view of posttranscriptional events that represent an important 
28 
means of modulating protein activity during ovary development (Wilhelm et al., 
2006). The combination of mass spectrometry (MS) protein identification with the 
unique resolving power of two-dimensional gel electrophoresis (2DE) is the most 
mature platform for large-scale analysis of gene products directly from biological 
samples (Herbert et al,, 2001). In this study, these techniques are employed to 
compare the protein expression profiles of ovaries from different maturation stages in 
M. ensis. 
Choosing representative tissue samples is a prerequisite to reveal molecular events 
that underlie the gonadal development of shrimp, which makes it essential to leam 
more about histological changes during the process of ovary development. Based on 
the appearance of ovary and the gonado-somatic index (GSI) (Yano, 1985; Chii et al., 
1993), ovarian stages are usually classified by following an arbitrary scale of I to V 
in M. ensis. Since this practice of classification is not reliable and consistent for 
microanalysis, there is a need to develop a more reliable ovarian staging method 
based on the characteristics of the different ovarian maturation stages. Macroscopic 
and histological characterization of penaeid shrimp maturation has been reported in 
several species, including Penaeus aztecus (Brown and Patlaii, 1974; Duronslet et cd” 
1975), Penaeus duorarum (Cummings, 1961; Caillouet, 1972), Penaeus indicus 
(Subrahmanyam, 1965), Penaeus japonicus (Teshima and Kanazawa, 1983), 
Penaeus merguiensis (Tuma, 1967)，Penaeus plebejus (Kelemec and Smith, 1980)， 
Penaeus semisulcatus (Badawi, 1975), Penaeus setiferus (King, 1948) and Penaeus 
monodon (Tan-Fennin and Pudadera, 1989), Metapenaeopsis dalei (Sakaji et al, 
2000) However, there is little information concerning the histology of M. ensis. 
The present study is divided into two parts: 
A. To refine the existing methods of ovarian staging by further characterizing 
histological changes during ovarian development in M. ensis. 
B. To identify proteins differentially expressed during the process of shrimp ovarian 
maturation 
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Based on comparative proteomic analysis, the objective of this study is to provide 
more information concerning factors controlling or participating in the process of 
shrimp ovary development. 
3.2 Materials and methods 
3.2.1 Animals 
Female shrimps {Metapenaeus ensis) at various ovarian maturation stages were 
purchased from a local seafood market and acclimated at 25°C in a 12 h light and 12h 
dark photoperiod. 
3.2.2 Histological observation 
Chemicals and reagents 
• 10% phosphate buffered formalin solution 
0.045M Na2HP04, 0.028M NaHzPO*，10% formalin 
• PBS (Phosphate-buffered saline) 
137 mM NaCl，2.7 mM KCl, 4.3 mM NazHPOWHzO, 1.4 mM KH2PO4, pH 7.5 
Body wet weight, and the wet dissected ovary and hepatopancreas tissue WW were 
determined with an analytical balance. A small sample of the ovary tissue was 
removed for histological study, while others were lightly blotted with tissue paper to 
remove surface water and frozen in liquid nitrogen and preserved until needed. 
Samples were fixed in 10% phosphate buffered formalin solution for 1 day to 1 week, 
embedded in paraffin wax, sectioned at 7 |j,m and stained with Delafield's 
hematoxylin followed by counterstaining in alcoholic eosin. Specimen on slides was 
observed under light microscope (Nikon) and photographed using Microphoto-FX 
(Nikon), Digital Camera (Nikon) and software ACT-1 (Nikon). 
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3.2.3 Data analysis 
SigmaStat (Systat Software) was used to analyze all data which were expressed as 
the mean 士 S.E. The data were analyzed by one way analysis of variance (ANOVA) 
followed by Tukey test. P<0.05 was considered to be statistically significant. 
3.2.4 Two-dimensional gel electrophoresis 
Chemicals and reagents 
• Acetone (Sigma) 
• TCA (Trichloroacetic acid, Sigma) 
• TCA/Acetone 
20% (v/v) TCA, 80% (v/v) Acetone 
• Lysis Buffer 
8 M urea, 4% (w/v) CHAPS, 2% (v/v) IPG buffer (pH 3-10) 
• Bromophenol blue stock solution 
1% Bromophenol blue, 50mM Tris-Base 
• Rehydration Stock Solution 
8 M urea, 2% (w/v) CHAPS, 0.002% (w/v) bromophenol blue 
• Equilibration buffer 
50 mM Tris-HCl, 6 M urea, 30% (v/v) glycerol, 2% (w/v) SDS, 0.002% (w/v) 
bromophenol blue 
• 40% acrylamide/bis acrylamide (Sigma) 
• SDS electrophoresis buffer 
25mM Tris-HCl, 192mM glycine, 0.1% SDS, pH 8.3 
• Agrose sealing solution 
0.5% (w/v) agarose, 0.002% (w/v) bromophenol blue in SDS electrophoresis 
buffer 
• 11% (w/v) separating gel 
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11% acrylamide/bis acrylamide, 15% (w/v) sucrose, 1% SDS, 32%o (w/v) 
ammonium persulfate, 0.32%�(v/v) TEMED, 0.375 M Tris-HCl, pH 8.8 
• 4% (w/v) Stacking gel 
4% acrylamide/bis acrylamide, 1% SDS, 34%o (w/v) ammonium persulfate, 0.34%o 
(v/v) TEMED, 0.375M Tris-HCl, pH 8.8 
• Stain solution 
0.25% (w/v) Coomassie Brilliant Blue R-250 dissolved in 45% (v/v) ethanol and 
10% (v/v) acetic acid 
• Destain solution I 
50% (v/v) methanol, 10% acetic acid 
• Destain solution II 
5% methanol, 7% acetic acid 
• Cleaning solution 
10% acetic acid 
Protein extraction 
Ovaries were excised rapidly from female shrimp in previtellogenic (stage I), 
vitellogenic (stage III) and cortical rod stages (stage V)，followed by washing briefly 
in cold Ix PBS, then frozen in liquid nitrogen and stored at -80®C until use. About 
0.1-0.5g tissues were ground in a mortar and pestle pre-chilled with liquid nitrogen. 
Powdered samples were resuspended in 600-800 \i\ lysis buffer supplied with 1 mM 
PMSF as protease inhibitor. 1/3 volume of glass beads (1 mm diameter) was added 
and homogenized at 2,500 rpm for 2 min with Mini-Beadbeater 3110 BX (Bio-Gene 
Technology Limited), followed by centrifugation at 12,000 rpm for 30 min at 4�C. 
Supernatant was transferred to a new microcentrifuge tube and mixed with 4 
volumes of ice cold TCA/Acetone solution by gently agitation followed by 
incubation at -20°C for at least two hours to precipitate proteins. The precipitated 
proteins were collected by centrifuging at 8000 g for 10 min, and washed twice with 
100% cold acetone. The pellets had to be thoroughly broken-up by pipetting, 
3 2 
vortexing or sonication during this process. Residual acetone was moved by air 
drying or lyophilization. Pellets obtained were resuspended in 400 jil rehydration 
stock solution. Samples could not be heated under any circumstances as this would 
lead to carbamylation of proteins. 
Protein sample clean-up 
Some samples need to be further cleaned up with 2D Clean-Up Kit (Amersham) to 
remove possible non protein contaminants according to manufacturer's instructions. 
1-100 |ig protein was precipitated by mixing with 300 |j.1 precipitant and 
co-precipitant. After centrifugation, 25 |xl de-ionized H2O, 1 ml pre-chilled wash 
buffer and 5 |il wash additive were added to disperse the protein pellet followed by 
incubation at -20°C for at least 30 min. Final air-dried pellet obtained was 
resuspended in 80-100 jxl rehydration stock solution and centrifuged for 10 min at 
14,000 g to remove any insoluble material and to reduce any foam. Supernatant was 
stored at —80°C for later analysis. 
Protein quantification 
In order to load identical amount of protein, accurate quantification of samples to be 
analyzed was essential. Samples prepared for electrophoresis (including SDS-PAGE 
and lEF) are often difficult to be quantified by traditional methods, such as 
Commassie™ dye binding and protein-catalyzed reduction, due to the presence of 
carrier ampholytes, detergent and reductant. In this study, protein concentration was 
carefully determined by PlusOne™ 2D Quant Kit (Amersham) according to the 
manufacturer's instructions, which can circumvent these limitations. 
Each 500 |j,l precipitant and co-precipitant was mixed with protein samples briefly by 
vortexing or inversion to precipitate sample protein while leaving interfering 
contaminants in solution. The pellet was resuspended in 500 |j1 alkaline solution of 
cupric ions which can bind to the polypeptide backbones. 1 ml of working color 
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reagents was added to react with unbound cupric ions, and the absorbance was 
inversely related to protein concentration. 
Isoelectric Focusing (lEF) 
Before sample loading, 60 mM of freshly prepared DTT and 0.5% (v/v) IPG buffer 
were added to the protein samples. IPG strips with a length of 7 cm and pH gradient 
of 3-10 were selected for this study. lEF was performed with rehydration loading 
method on Ettan"™ IPGphor"^^ Isoelectric Focusing System (Amersham) at 20°C. To 
prevent evaporation during lEF, IPG strips were covered with Cover Fluid. The 
condition of lEF was optimized for each set of samples. For 7 cm IPG strips, passive 
rehydration was first carried out at 0 V for 6 h. To facilitate the entry of 
high-molecular-weight proteins into IPG strips, low voltage (30 V for 6 h) was 
applied afterwards. lEF was then performed with 500 V for 30 min, 1000 V for 30 
min, then progressively increased from 1000 V to 4000 V for 4000 Vh, and finally 
stabilized at 5000 V for 8000 Vh. The total voltage hours were about 13000 Vh. 
SDS-PAGE 
Before the second dimension, IPG strips were stored at -80 °C or directly undergone 
reduction for 15 min in equilibration buffer containing 100 mg/10 ml DTT, followed 
by alkylation with 250 mg/10 ml lodoacetamide in equilibration buffer for another 
15 min, and then rinsed once in SDS electrophoresis buffer. Proteins on IPG strips 
were separated by SDS-PAGE analysis with mini-gels (7 cm, pH 3-10 IPG strips, 
11% w/v separating gel, 4% w/v stacking gel and 0.5% agarose sealing gel) using 
Mini-PROTEAN 11 Cell Unit (Bio-Rad). 60v constant voltage was applied for about 
20 min until the marker dye reached the interphase of the separation and the stacking 
gels. Then 120V constant voltage was applied for about 60 min until the dye traveled 
to about 0.5 cm above the bottom of the gel. 
Protein visualization and image analysis 
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Gels were stained in Stain solution overnight, destained in destain solution I and II 
for 30 min respectively, followed by cleaning in cleaning solution until the gel 
background was clear. After destaining, gels were scanned by an Image Scanner 
(Amersham) with a resolution of 300 dpi (pixels per inch). Image analysis was 
performed with ImageMaster™ 2D Platinum V. 5.0 software (Amersham) according 
to the manufacturer's instructions. The expression level was determined by the 
relative spot volume of the proteins compared to total amount of protein in the gel, 
and expressed as percentage volume (%Vol). Protein alteration was determined 
according to the %Vol of each matched protein spot on 2DE gels, and expressed as 
fold-increase or fold-decrease. 
3.2.5 Protein isolation and identification by MALDI-TOF MS/MS 
Chemicals and reagents 
• Destain solution 
50 mM NH4HCO3,50% (v/v) MeOH 
• ACN (acetonitrile, Sigma) 
• AFA (trifluoroacetic acid, Sigma) 
• Digestion buffer 
40 |xg/|il trypsin (modified sequencing grade trypsin, Promega), 25 mM 
NH4HCO3 
• Extraction buffer 
50% ACN, 2.5% TFA 
• Elution solution 
2^1 50% ACN/0.1% TFA 
• a-CHCA matrix 
20 mg/ml CHCA，50% ACN, 0.5% TFA 
Protein in-gel digestion 
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Differentially expressed proteins were excised manually from 2DE gels with 23G x 
1" needle, and cut into small pieces (<0.5 mm). Gel pieces were destained in 200 |il 
destain solution, washed with Milli-Q water and dehydrated with 100 |il CAN 5 min 
for 3 times, followed by vacuum dry using SpeedVac (Savant) for 2-5 min until the 
gel appears "dust like". Then rehydrated with 8-10 |il digestion buffer and incubated 
on ice for 30min. At last the samples were covered with 10 jxl 25 mM NH4HCO3 and 
incubated at 37°C overnight. 
Peptide extraction and purification 
Digested peptides were extracted from gel pieces with extraction buffer and ACN by 
sonication for 10 min respectively. All the peptide extracts were pooled together and 
vacuum dried by SpeedVac (Savant). Dried samples were resuspended in 10 |xl 0.1% 
TFA, concentrated and purified by using the pipette tip column of ZipTipn_ci8 
(Millipore). The resulting peptides were finally eluted with elution solution. 
MALDI-TOF analysis 
0.5-0.6 \i\ ZipTip purified sample was mixed with equal volume of a-CHCA matrix, 
and spotted on a MALDI plate, and air-dried. Samples were analyzed using 
MALDI-TOF mass spectrometer (Applied Biosystems 4700 Analyzer) operated in 
the MS/MS mode. For each set of proteins to be identified, mass spectra were 
acquired automatically with Batch mode in which two steps were involved. 
In the first step, peptides ranged from 800 m/z to 3500 m/z were separated in the first 
Time-Of-Flight (TOF) with reflector positive ion mode. Signal intensity of peptides 
of each spectrum was accumulated with 1500-2500 laser shots at a fixed laser 
intensity of about 4000-4500. Monoisotopic peptides were detected with the mass 
tolerance 0.2 Da, and internally calibrated with trypsin auto-digestion products 
including 842.509, 1045.564 and 2211.104 m/z. Peptides were excluded if their 
masses corresponded to those for trypsin or human keratins. The generated mass list 
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of each spectrum in this step was used for protein identification by MS analysis. 
In the second step, six to eight peptides with strong intensities (minimum m/z at 50) 
were selected as precursors from the first step for MS/MS analysis. Briefly, fragment 
ions were generated with Argon and Collision Induced Dissociation (CID) technique, 
and separated in the second TOF using MS/MS reflector positive ion mode. Ion 
signals were accumulated with 4000-5000 laser shots at a fixed laser intensity of 
about 4500-4800. Afterwards, monoisotopic mass of each MS/MS spectrum was 
externally calibrated with the calibration mixture 1 kit (Applied Biosystems Inc., 
Foster City, CA, USA). Protein identification was performed with GPS Explore™ 
software v 2.0 (Applied Biosystems Inc.) in which MASCOT (Matrix Science; 
http://www.matrixscience.com) search engine was employed. For database searching, 
NCBI protein database was selected and species of animals were tested. Partial 
modifications of oxidation on methionine were always taken into account. For 
phosphorylation analysis, serine (S) and threonine (T) were both selected. At most 
one missed cleavage of tryptic digestion was allowed, and a mass tolerance of 0.2 Da 
was used in all database searching. 
3.3 Results 
3.3.1 General ovarian histology 
The ovarian histology of M. ensis was typical of that described previously for other 
penaeids, the arbitrary stages of maturity may be recharacterized as follows: 
Previtellogenic stage (including ovaries at stages I and II，Fig. 3.1) 
At beginning, ovary is transparent and colorless, tubular but thin and simple. 
Histologically (Fig. 3.1a, b), there is a tubular structure within the germinal tissue in 
the central zone. A large group of basophilic primordial germinal cells (oogonia) 
actively dividing in the germinal zones. These oogonia develop into previtellogenic 
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oocytes, which move to the periphery and become part of a subunit referred to as a 
cyst (a sac or vesicle in the body). Proliferation zones can be observed in all maturity 
stages. These are situated initially near the ovary wall and then migrate centripetally 
with increasing maturation of the ovary. Oogonia are strongly basophilic, small 
rounded cells with a large nucleus, which exhibit patches of peripheral chromatin. 
The diameter of the oogonia is about 20 |xm. Ninety percent of the ovarian tissue is 
formed by this proliferative tissue. As oocytes developed, ovary increased in size and 
became semi-transparent. Ovary tissue has two types of oocytes, with about 30% 
resting and 70% developing cells (Fig. 3.1c, d). Developing oocytes organized 
themselves into tubule-like structural units. Each tubule, with the wall composed of a 
thin layer of developing follicular cells, was packed with about eight to more than 50 
developing oocytes. The diameter of the previtellogenic oocytes is about 50 }im. 
These oocytes are characterized by the presence of multiple peripheral nucleoli 
adjacent to the nuclear envelope, and a progressively increasing basophilic cytoplasm 
of irregular shape. 
Vitellogenic stage (stage III ovary Fig. 3.2) 
The ovary is visible as a yellow opaque line. The median part is subdivided into 8-10 
distinct lateral lobes and covers small part of hepatopancreas dorsally. Caudal lobes 
start to become slightly swollen. This stage is characterized by the presence of 
numerous, large eosinophilic yolk granules in the vitellogenic oocytes (Fig. 3.2a, b). 
At the onset of endogenous vitellogenesis, follicular cells envelop the early 
vitellogenic oocytes so that follicles are formed, with a diameter of 100 |im. As 
vitellogenesis proceeds, the oocytes acquire a polyhedric form. The central nucleus 
exhibits some peripheral nucleoli and the follicular cells decrease in size. The 
coloration of the ovary is a result of the accumulation of eosinophilic vitellogenin 
pigments in vitellogenic oocytes. 
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Figure 3.1 Section of previtellogenic stage M. ensis ovary, including stage I (a & b) 
and stage II (c & d) ovaries, stained with hematoxylin and eosin. gz: Germinative 
zone; 00： oogonial cells; oc: oocytes in phases of meiosis; db: uniformly distributed 
chromatin material; fc: follicle cells; nu: nuclei 
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Cortical rod stage (including stage IV and V ovaries Fig. 3.2) 
At the beginning of this stage, ovary is visible as a thicker opaque line than the 
previous stages, and starts to be swollen, expanded, and turgid, with color varying 
from light green to green. The frontal lobes cover stomach laterally and lateral lobes 
expand and cover about half of the dorsal surface of the hepatopancreas. Yolk 
granules still accumulate in the cytoplasm (Fig. 3.2c, d). The average oocye diameter 
is about 150 |xm. The nuclei measure about 80 [im in diameter in the early phase of 
this stage and began to migrate to the periphery, decreasing in size. At this time, the 
whole shrunken nucleus is strongly basophilic and the outline of the nucleus 
becomes irregular. Cortical granules start to appear in the cytoplasm. Ripe ovary (Fig 
3.2e, f) is completely expanded, and occupies the thoracic cavity. Frontal lobes 
completely cover both sides of stomach and lateral lobes are greatly swollen, 
covering almost the entire hepatopancreas dorsally. Between 75 and 95% of the 
ovarian tissue is formed by mature oocytes. The mature oocyte, with a diameter of 
more than 200 |j.m, is characterized by the presence of peripheric cortical granules 
(cortical rods) which can extrude to form a jelly layer when the eggs are exposed to 
seawater. At this stage, the nucleus shrinks and begins to migrate to the animal pole 
and is barely visible. The oocyte sticks to one another, forming a mosaic pattern. In 
successive stages of this phase, the follicular cells become almost indistinguishable 
due to their flattened and reduced size. 
3.3.2 Morphometric analysis 
Gonadosomatic index (GSI) increased significantly during the process of ovarian 
maturation (Fig. 3.3a). Hepatosomatic index (HSI) increased with ovary 
development, and reached to a peak at stage III, and then declined to stay at a 
relatively stable level (Fig. 3.3b). 
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Figure 3.3 Gonadosomatic and hepatosomatic indices during ovarian maturation. 
Each point represents mean 士 S.E. (N=10). GSI=ovary weight/body weight x 100. 
HSI=hepatopancreas weight/(body weight-ovary weight) x 100. 
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HSI increased from stage I to stage III，indicating the accumulation of nutrient and 
energy in the hepatopancreas. Ovary took up nutrient from hepatopancreas from 
previtellogenetic to vitellogenetic stages. At cortical rod stage, exogeneous nutrition 
became the most important factor that affects oocyte quantity and quality. Thus HIS 
decreased and stay at a relatively steady level after stage III. This indicated that there 
was a dynamic balance for synthesizing nutrition in hepatopancreas and transports of 
these nutrients to ovary at stage IV and V ovaries. Ovaries from stage I, III and V 
were selected as representative samples for following proteomic study. 
3.3.3 Comparison of proteomic patterns of shrimp ovaries and 
image analysis 
To identify differentially expressed proteins involved in the process of shrimp ovary 
maturation, total proteins were extracted and protein profiles were compared among 
different maturation stages. The experiments were repeated in three individuals at 
each stage to ensure the reproducibility and accuracy of the results. The GSI of the 
animals are 0.6士0.3，4士0.5 and 10±1 at stage I，III and V respectively. 
Approximately 486, 323 and 221 polypeptides stained with Coomassie Brilliant blue 
were readily detected in gels from stage I (Fig. 3.4)，III (Fig. 3.5) and V (Fig. 3.6) 
ovaries by Image analysis using ImageMaster™ 2D Platinum V. 5.0 software 
(Amersham). In contrast to stage I and III ovarian samples, fewer proteins species 
were resolved by 2DE in stage V ovary extracts. Gel from stage V ovaries was 
selected as the reference gel for comparison. By comparing detected spots, about 190 
spots (39.8%) in stage I and 185 spots (57.2%) in stage III could be matched to spots 
in stage V (green circles in Fig. 3.7). Among these matched spots, 87 of them with 
consistent significant quantitative differences (> 1.5-fold for %Vol) were picked for 
MS/MS analysis along with those that could only be detected in stage I or stage III. 
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Figure 3.4 Representative 2DE gels of 60 pg proteins extracted from stage I 
ovaries (7 cm, pH 3-lOL, 11%, stained by Coomassie Brilliant Blue). The numbers 
on the left indicate the sizes of the proteins in kDa. 
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Figure 3.5 Representative 2DE gels of 60 \xg proteins extracted from stage III 
ovaries (7 cm, pH 3-lOL, 11%, stained by Coomassie Brilliant Blue). The numbers 
on the left indicate the sizes of the proteins in kDa. 
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Figure 3.6 Representative 2DE gels of 60^g proteins extracted from stage V 
ovaries (7 cm, pH 3-lOL, 11%, stained by Coomassie Brilliant Blue). The numbers 
on the left indicate the sizes of the proteins in kDa. 
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Figure 3.7 Comparison of proteomic patterns of shrimp ovaries at different stages. 
Stage V gel was set as reference gel. Each circle represents a protein spot identified 
by ImageMasterTM 2D Platinum V. 5.0 software (Amersham). Green circles represent 
spots that can be matched while red circles represent spots that can not be matched to 
that in stage V gel. ^ number of spots identified by ImageMaster™，^ percentages of 
spots matched to those in stage V gel. 
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3.3.4 Identification of differentially expressed proteins in shrimp 
ovaries by MALDI-TOF MS/MS analysis 
Due to insufficient genome information for crustacean species in public database, 
only a few spots could be matched or similar to known proteins based on the 
commonly used criteria (Zhong, 2005). A set of relatively loose criteria were used as 
follows: 1) protein score was not too low (>40, by Mascot search); 2) at least 3 
peptides could be matched to the candidate protein; 3) the theoretical pi and/or 
molecular weight of the candidate protein were similar to those observed in 2DE gels; 
and 4) a total ion score>0 was preferred. 
Based on the criteria mentioned above, 45 spots were identified (Table 3.1). Half of 
them were down regulated, in contrast to 9 out of 45 spots that were up regulated as 
ovarian maturation proceeded. Functionally, these proteins could be classified into 
five major groups, including cytoskeleton, metabolism, signal transduction, gene 
expression and immune response (Fig. 3.8). The largest group of differentially 
expressed proteins was associated with signal transduction (32%), which included 
transport proteins, receptors, some metabolism and protein modification proteins. 
The proteins associated with metabolism (18%) and gene/protein expression (14%) 
formed the other two main groups. The former mainly included energy/tricarboxylic 
acid cycle proteins. The latter group included several factors that participated in the 
process of RNA and protein synthesis. Proteins involved in cytoskeleton and cell 
defence (mainly proteins with immune functions) represented 11% and 7% of the 
total identified protein respectively. The remaining proteins, which could not be 
confidently matched to any protein and designated as unknown, comprised 18% of 
the identified proteins. 
Twelve proteins were selected for further analysis as they were highly matched to or 
similar to known proteins. Four of them were up-regulated during the development 
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Figure 3.8 Composition of differentially expressed proteins identified by MS. 
Most of these proteins are directly or indirectly involved in the regulation of gene 
expression as well as maintenance of proteins function. 
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(GAPDH), progesterone receptor (PR) and carbonic anhydrase III (CA III).The other 
eight proteins were down-regulated in this process, including cellular retinoic 
acid/retinol binding protein (CRABP), retinoid-related orphan receptor RZR-a 
(RZR), retinoid X receptor-y (RXR), P-actin, tubulin, arginine kinase (AK), ATP 
synthase beta subunit and guanosine diphosphate (GDP) dissociation inhibitor 1 
(GDI). 
Vitellogenin (Vg) 
The most notable quantitative differences occurred in the spot with I.D. number 15， 
which is identified as vitellogenin of Metapenaeus ensis. The theoretical molecular 
weight of 287.15 kDa and a pi valule of 5.42 were roughly matched to the spots 
position observed in gels (Fig. 3.5, 3.6). This protein could not be detected in stage I 
ovary (Fig. 2.5), but it became the predominant component as the ovary developed 
and increased to 25%Vol of the overall ovarian protein content in the final stage of 
ovarian maturation (Fig. 3.6) based on image analysis (Fig. 3.9a). 
In stage I and stage III ovary, there were spots on the gels that had similar molecular 
weight and pi as vitellogenin (dotted circles in Fig. 3.5, 3.6). Yet they were identified 
as hemocyanin possibly due to the contamination of hemolymph. These spots were 
excluded in the evaluation of vol% of the other spots. 
Glvceraldehvde-3-phosphate dehydrogenase (GAPDH) 
MALDI-TOF MS/MS analysis showed that sample with LD.22 was matched to 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) {Homarus americanus) 
(Table 3.1), which was supported by high protein score (106) as well as total ion 
score (84.55). Besides, the theoretical molecular weight (35.69 kDa) and pi (6.53) 
were similar to that observed in 2DE gels (Fig. 3.5, 3.6, 3.7). This protein expressed 
at very low level in stage I ovaries, but increased by many folds with the 
development of ovary to reach a peak in stage III ovaries, and maintained a relative 
high level in stage V ovaries (Fig. 3.9b). 
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Progesterone receptor (PR) 
Based on MALDI-TOF MS/MS analysis result, sample (I.D.:27) showed poor 
homology to progesterone receptor {Rana dybowskii) with low protein score (43.9). 
The theoretical pi value (6.3) was similar to that observed in 2DE gels. The protein 
expression level increased dramatically after stage I，and remained at a relatively 
high level from stage III to stage V (Fig. 3.9c). 
Carbonic anhydrase (CA) 
MALDI-TOF MS/MS analysis indicated that spot 42 could be matched to carbonic 
anhydrase {Mus muscuius) (Table 3.1), which was supported by highly protein score 
(237) as well as total ion score (168). Besides, the theoretical molecular weight 
(29.35 kDa) and pi (6.89) were similar to those observed in 2DE gels (Fig. 3.4, 3.5, 
3.6). This protein was expressed at very low level at previtellogenic stage (stage I), 
but increased dramatically with the development of ovary (Fig. 3.9d). 
Cellular retinoic acid/retinol binding protein (CRABP) 
The theoretical molecular weight of CRABP (Metapenaeus ensis) was 15.57 kDa, 
with a pi valule of 5.95, which were roughly matched to the spot's position observed 
in gel photo (Fig. 3.4，3.5，3.6; I.D.:1). As revealed in 2DE gels, high expression 
level of CRABP was observed at previtellogenic (stage I) and vitellogenic stage 
(stage III) ovaries. The expression level declined in cortical rod stage (stage V) 
ovaries by two folds (Fig. 3.10a). 
Retinoid-related orphan receptor a (RZR-a) 
Based on MALDI-TOF MS/MS analysis result, sample (I.D.:8) showed poor 
homology to retinoid-related orphan receptor RZR-a {Homo sapiens) with low 
protein score (21.4). However, the corresponding molecular weight (53.54 kDa) was 
quite similar to that observed in 2DE gels (Fig. 3.4, 3.5, 3.6). The protein expression 
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level dropped dramatically after stage I，but still remained at a relatively significant 
level from stage III to stage V (Fig. 3.10b). 
Retinoid X receptor-Y (RXR) 
Spot 39 was found to be similar to retinoid X receptor-y {Danio rerio) based on mass 
spectrum results with protein score of 51.6 (Table 3.1). Although this protein's pi 
(8.31) was a little bit different from that observed in gels, which could be the result 
of posttranslational modification, the theoretical molecular weight (42.53 kDa) was 
quite similar to that observed in gels (Fig. 3.4，3.5, 3.6). The relatively high level of 
retinoid X receptor-y at stage I was found to drop gradually at subsequent stages (Fig 
3.10c) 
P-actin 
Based on MALDI-TOF MS/MS result, sample (I.D.:12) was found to be highly 
matched to P-actin {Fenneropenaeus chinensis) (Table 3.1)，with high protein (449) 
score as well as total ion score (361.7). Theoretically, the molecular weight of P-actin 
is 41.84 kDa and pi is 5.3. This protein expressed highly at previtellogenic stage 
(stage I) ovaries, and decreased by at least two folds with the development of ovary 
(Fig. 3.10d). 
Tubulin 
Based on MALDI-TOF MS/MS result, sample with I.D.I9 found to be highly 
matched to tubulin, beta, 5 (Kenopus tropicalis) (Table 3.1)，with high protein (139) 
score as well as total ion score (114.35). Theoretically, the molecular weight of this 
protein was 49.7 kDa and pi was 4.78，which were matched to the spot's position 
observed in gels (Fig. 3.4，3.5, 3.6). The protein expression pattern of tubulin was 
similar to P-actin (Fig. 3.11a)，with high expression level at previtellogenic stage 
(stage I) (0.77%Vol), and a decrease of at least two folds with the development of 
ovary (0.28%Vol for cortical rod stage). 
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Arginine kinase (AK) 
MALDI-TOF MS/MS analysis indicated that sample (I.D.: 17) found to be highly 
matched to arginine kinase {Apis melliferd) (Table 3.1), with high protein score (230) 
as well as total ion score (156.63). Theoretically, the molecular weight of arginine 
kinase is 39.98 kDa and pi is 5.66. 2DE results showed that this protein expressed 
highly at previtellogenic stage (stage I), and decreased with the development of 
ovary (Fig. 3.11b).It was initially identified that arginine kinase was more highly 
expressed in stage I and III ovaries compared to mature ovary. However, closer 
examination revealed that the neighboring spot (I.D. 45), the intensity of which 
gradually decreased with the development of shrimp ovary, also contained arginine 
kinase. The shift to the acidic end of the spot implied that this protein was 
posttranslationally modified and that this modification was likely to be 
phosphorylation. 
ATP synthase (3 subunit 
Spot 18 was highly matched to ATP synthase [3 subunit {Drosophila melanogaster) 
with convincing protein score (315) and total ion score (258.92) based on 
MALDI-TOF MS/MS results (Table 3.1). The theoretical pi (5.19) and molecular 
weight (53.49 kDa) were similar to that observed in 2DE gels (Fig. 3.4，3.5, 3.6). 
This protein expressed highly at stage I ovary, and decreased with the development 
of ovary (Fig. 3.11c) 
Guanosine diphosphate (GDP) dissociation inhibitor 1 (GDP 
Sample 44 was similar to guanosine diphosphate (GDP) dissociation inhibitor 1 
(Canis familiaris) based on MALDI-TOF MS/MS results, that was supported by 
convincing protein score (53.3) and total ion score (52.71) (Table 3.1). Furthermore, 
the theoretical molecular weight and pi were quite similar to that observed in 2DE 
gels (Fig. 3.4，3.5, 3.6). The relatively high level of phosphoglycerate kinase at stage 
















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































3.4.1 Identification of proteins by MALDI-TOF MS/MS analysis 
In this study, a 2DE-based proteomic platform was used to identify proteins that are 
actively involved in the process of penaeid shrimp {Metapenaeus ensis) ovary 
maturation. Remarkable differences were observed in the gel patterns of proteins 
from immature to mature ovaries. The biological complexity of polypeptides 
extracted from eggs and gonadal tissues in shrimp Penaeus vanamei have been 
investigated (Cariolou and Flytzanis, 1993). Due to the low-resolution 2DE gels in 
the previous study, only a few qualitative and quantitative differences have been 
resolved. And these differentially expressed proteins were not identified because of 
technological limitation. 
In order to connect the information from proteome analysis to the corresponding 
genes, it is necessary to identify the protein spots. Previously, proteins can only be 
identified by using N-terminal protein sequencing, which is not only laborious but 
also expensive. Mass spectrometry has become more and more important in the field 
of protein analysis nowadays. The particular advantage of mass spectrometry is that 
it generally requires a limited amount of material. Sometimes even femtomoles are 
sufficient (Perrot et al, 1999). 
In the present study, 45 spots can be matched or found to be similar to known 
proteins. Furthermore, most of these identified genes encode for highly conserved 
proteins. These results are not hard to explain when considering the status of shrimp 
genome study (Lehner et al, 1999). Up to 31 July 2007, the GenBank contains 7433 
decapod crustacean protein sequences and most of them are highly redundant. 
Besides, half of these identified differentially expressed proteins are down-regulated. 
The down-regulation expression pattern observed in this study may be due to the 
relative under-representation of these proteins in the samples from later stages of 
development because of the accumulation of large amount of yolk. Therefore, further 
61 
studies need to be carried out to validate these proteins expression patterns by setting 
internal control in Western Blotting. In spite of this limitation of the current 2DE 
approach, this is the first shrimp ovary proteome available so far that may be used as 
a reference map. 
3.4.2 Potential functions of the identified differentially expressed 
proteins in shrimp reproduction 
The expression pattern of these selected proteins suggest the coordination of several 
metabolic processes involved in the regulation of ovarian maturation, including (1) 
organization of various kinds of cytoskeleton in providing a framework for 
organelles positioning, chromatin movement and cell shape maintenance; (2) 
enzymatic activities for synthesis of ATP demanded for active cellular activities; (3) 
regulation of ovarian maturation by protein synthesis and transportation; and (4) 
involvement of antioxidant in stabilizing the normal activity of developing oocyte. 
1. Organization of cytoskeleton to accomplish growth and development of oocytes 
The cytoskeleton is a mesh of different proteins (microfilaments, microtubules, and 
intermediate filaments) in cells, and is responsible for intracellular transport of 
organelles, chromosome separation in mitosis and meiosis, cell shape maintenance, 
replication and gene regulation during the course of oocyte maturation (Theurkauf 
W.E. et al, 1992; Bohrmanii and Biber, 1994; Becker and Hart, 1999; Bohnsack et ‘ 
aL, 2006). 
It has been reported that cytoskeleton is also involved in the development of shrimp 
oocye through the analysis of translationally controlled tumor protein (TCTP), 
cytoskeletal actin and keratin mRNA expression patterns (Lo et aL, 2007). The 
present study provides another meaningful dimension to our knowledge of this 
process through the analysis of the steady-state protein expression level of p-actin 
and tubulin, both of them were found differentially expressed, indicating the 
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organization of various cytoskeletal structures and intracellular transportation at 
different stages of maturation. 
Microtubules are cylindrical tubes composed of subunits of the protein tubulin a and 
P. Microtubules act as a scaffold to determine cell shape and serve as "tracks" for 
long range, rapid movements of cell organelles and vesicles. In addition microtubules 
also form the spindle fibers for separating chromosomes during mitosis. Microtubule 
depolymerizing drug colchicines inhibits oocyte growth in Drosophila suggesting 
that microtubules are involved in the process of transportation of maternal RNAs and 
particles from the nurse cells to previtellogenic oocyte (Koch and Spitzer, 1983). In a 
subsequent study, microtubule bundles have been described to extend from oocyte 
through ring canals into the nurse cells during previtellogenic stages, and no longer 
detectable within the ring canals thereafter (Theurkauf et al., 1992). Similar 
molecular mechanism may occur in shrimp oocytes, with high expression level of 
tubulin in stage I ovary to accomplish the transportation of maternal RNAs and 
particles from follicle cells to oocyte. On the other hand, from previtellogenic to 
vitellogenic stage, active cell division and RNA synthesis occur in shrimp oocytes, 
and microotubules acting as mitotic spindles are necessary to direct the movement of 
chromatin (Tan-Fermin and Pudadera, 1989; Krol et al.，1992). The high level of 
tubulin may be essential for assembly of microtubules and mitotic spindle during 
immature stage in shrimp. 
(3-actin is the basic monomer of microfilament involving in the maintenance of cell 
shape, cell movement and cell division. While microtubules are known to be the 
major coordinators of chromosome congression and segregation, actin filaments have 
recently been discovered to control the migration of chromosome towards the 
spindles in starfish oocytes (Lenait et aL 2005). As cell division progresses, high 
expression of actin and organization of cytoskeleton are necessary. These coincide 
with the result of its high mRNA (Lo et aL, 2007) and protein expression level at 
previtellogenic shrimp ovaries. With the development of ovary, actin level decreased 
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with the ceased cell division activity as well as reduced nuclearxytoplasm volume 
ratio (Fig. 2.1，2.2). Besides, high nuclear actin concentration has been reported in 
amphibian oocyte (Clark and Merriani, 1977) and has been revealed to function in 
stabilization of giant nuclei in Xenopus oocytes (Bohiisack et al, 2006). These 
results demonstrate that the organization of different cytoskeletal structures is 
required for regulation of dynamic events during oocyte maturation (Allworth and 
Albertini, 1993; Gard, 1999). 
2. Provision of energy for active cellular functions during ovarian development 
This study demonstrates that the protein level of glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) increased with the development of ovary to reach a peak in 
vitellogenic (stage III) ovary in contrast to the decreased mRNA level of GAPDH in 
M. ensis reported by Lo et al. (2007). This discrepancy may be due to uncoupled 
control of transcription and translation activity. GAPDH is an enzyme involved in 
the glycolytic pathway, that reversibly catalyses the oxidation and phosphorylation of 
D-glyceraldehyde-3-phosphate to l，3-diphospho-glycerate. Elevated GAPDH level 
in M. ensis ovary coincides with the appearance of long-stick-like, cristae rich 
mitochondria in vitellogenetic oocyte of Exopalaemon modestus (Jiang, 2005). This 
indicates the importance of ATP synthesis for the onset of vitellogenesis. At late 
vitellogenesis stage, typical mitochondria can only be seen in the cortex and 
disappeared gradually with the accumulation of yolk in oocyte cytoplasm (Jiang, 
2005). This is consistent with the decreased expression level of ATP synthase beta 
subunit in stage V ovary revealed by this study. GAPDH displays diverse 
non-glycolytic functions as well. For instance, GAPDH has been found to bind to 
actin and tropomyosin, and thus may have a role in cytoskeleton assembly 
(Dugaiczyk et al.’ 1983) to stabilize change in the shape and size of oocyte due to 
active vitellogenesis and accumulation of vitellin. It is worth to note that GAPDH 
was used as an internal control used by Yamano et al (2004) to study the temporal 
expression level of thrombospondin in the ovary of Penaeus japonicus, but Lo et al 
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(2007) found that GAPDH gene exhibits significant variation in expression level 
during ovarian maturation in M. ensis. Besides, the use of GAPDH as internal control 
has been questioned in the study of zebrafish embryonic development (Tang et a/” 
2007). A good internal control is critical in all quantitative analyses of gene 
expression. 
Arginine kinase (AK) is a kind of phospho-kinase and plays a key role as 
ATP-buffering system in invertebrate cells that display high and variable rates of 
ATP turnover (Ellington, 2001). The protein expression pattern of AK revealed by 
this study is similar to that of AK mRNA transcript (Lo et a!’, 2007), which is 
highest at previtellogenic stage and decreased in the following stages, but still stay at 
a high level. This result reveals the high energy demand in oocytes for cell devision 
and proliferation. AK functions in delivering ATP generated from mitochondria to 
the site of ATP consumption, as the site of ATP synthesis (mitochondria) is distant 
from the site of utilization in some cell types (Bessman and Carpenter, 1985). 
3. Regulation of transcription, translation and vesicular transportation in developing 
oocytes 
Gonad development in female crustaceans is characterized by rapid growth of the 
ovary and accumulation of major egg yolk protein from the precursor vitellogenin 
(Vg) (Meusy and Payen, 1988). In decapod, both the ovary and the hepatopancreas 
have been reported to be the major sites for Vg synthesis (Chen and Chen, 1994; 
Thurn and Hall, 1999)，with different changes in Vg mRNA levels between these two 
tissues. Highest mRNA level in hepatopancreas was observed in late maturation 
stage (stage V), in comparison to that observed in early exogenous vitellogenetic 
stage (stage IV) in ovary (Tiu et aL, 2006). It is evident that the expression of Vg 
mRNA is regulated in a tissue-specific manner. 
As in vertebrates, the growth and maturation of ovaries is controlled by gonadotropic 
hormones in invertebrates. Injection of progesterone and 17p-0H progesterone 
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induces ovarian maturation in M. ensis (Yano, 1985) and stimulates Vg secretion in 
Penaeus japonicus (Yano, 1987). Progesterone receptor (PR) has been reported to 
present in ovary and hepatopancreas of crafish Austropotamobius pallipes based on 
immunohistochemistry and Western Blotting approaches (Paolucci et al.，2002). The 
present study indicates that PR like substance is also present in the ovary of M. ensis, 
with high level in vitellogenic (stage III) and cortical rod stage (stage V) ovaries and 
low level in previtellogenic ovary (stage I). This is consistent with changes of 
progesterone levels in the hemolymph, ovaries and hepatopancreas reported in 
Penaeus monodon (Quinitio et al, 1994). Significantly high level of progesterone 
has been detected in the final stage of vitellogenesis. And the progesterone levels 
were low or undetectable in shrimps with immature and spent ovaries. From stage III 
to stage V，the decrease of PR is correlated with the reduced expression level of Vg 
mRNA in late vitellogenetic stage (Tiu et cd., 2006). The correlation among the 
levels of progesterone, PR and Vg may indicate a positive effect of progesterone on 
Vg expression, and that PR acts as a ligand-inducible transcription factor to activate 
or enhance the transcription of Vg. 
In addition to methyl famesoate, another kind of terpenoids, called retinoids, have 
been reported to have inductive effect on the primary vitellogenic phase and on the 
ontogenic development of oocyte in female Cherax quadricarinatus (Lina-Cabello et 
aL, 2004b) The expression level of cellular retinoic acid binding protein (CRABP) is 
high in previtellogenic (stage I) and vitellogenic stage (stage III) ovaries and 
decreased in cortical rod stage (stage V) ovaries, suggesting its role in the regulation 
of metabolic pathways of retinoic acid (RA) and retinol. This is consistent with a 
published study which showed that MeCRABP was detected only in the primary 
oocytes of the ovary (Gu et al” 2002). Besides, two RA related receptor homologs, 
retinoid-related orphan receptor RZR-a (RZR) and retinoic X receptor (RXR), have 
also been down-regulated during ovarian maturation. RZR and RXR are members of 
the superfamily of nuclear ligand-activated transcriptional factors to bind the 
promoter region of DNA and elicit specific gene transcription. The presence of 
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CRABP as well as receptors of RA in M. ensis ovary, together with their different 
expression levels, suggest an important role of RA in gene regulation in shrimp. 
During ovary development, cell-cell communication depends on secretion and 
reception of molecular signals (Ricard et aL, 2001), which is mainly mediated by 
vesicular transport. The molecular mechanism that directs vesicular transport has 
been intensively studied, with an emphasis on the GTP-binding proteins of the rab 
superfamily that ensure matching of vesicle to correct target membrane (reviewed by 
Olkkonen and Steiimark, 1997; Jahn and Sudhof，1999; Pfeffer, 1999). GDI family 
members act as important modulators of G proteins to maintain a cytosolic reservoir 
of rab proteins for delivery to membranes (Luan et al., 1999). This led to the 
proposal that the decreased expression level of guanosine diphosphate dissociation 
inhibitor 1 (GDI) in vitellogenic shrimp ovary is associated with the recruitment of 
GDI-Rab complex to the membrane, followed by appearance of membranous 
vesicles originated from Golgi apparatus, endoplasmic reticulum and endocytosis in 
mid-vitellogenetic oocytes at this stage (Jiang, 2005). 
4. Stabilization of developing oocytes 
Carbonic anhydrases (CAs) are a family of zinc metalloenzymes that catalyze the 
hydration of carbon dioxide to bicarbonate and protons to provide a buffering system 
for the maintenance of pH homeostasis in animals. The fact that CA III is present in 
large amount in certain mammal tissues (Carter et al” 2001; Chervenka, 1970; Shiels 
ei al., 1984) in contrast to its low carbon dioxide hydratase activity indicates other 
unique functions of CA III. Two of its five cysteine residues can conjugate to 
glutathione through a disulfide link in a process of S-glutathiolation. Protein 
S-thiolation/dethiolation is an early cellular response to oxidative stress. Raisanen et 
al. (1999) studied the effect of overexpression of CA III on cellular response to 
oxidative stress by transfecting rat CA III cDNA to NIH/3T3 cells, which have no 
endogenous CA III expression. Their results showed that the transfected cells had 
lower basal oxidized state as judged by measurement of intracellular reactive oxygen 
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species (ROS) comparing to parental cells. Therefore, it was suggested that CA III 
may serve an antioxidant function to protect cells from oxidative damage. As active 
protein and lipid accumulation in oocyte at developing stages, oxygen consumption 
is increased and a large amount of free oxygen radicals may be generated. It is 
possible that CA in developing ovaries may serve as an antioxidant reagent to protect 
cells from oxidative damage by free oxygen radicals on the membrane, which is rich 
in polyunsaturated fatty acids. 
In summary, the present study provided new insights into shrimp ovarian maturation. 
Among the proteins identified in this study, some have been reported to be involved 
in crustacean reproduction mainly based on the study of mRNA expression pattern 
(Lo et al,’ 2007). There is lack of information at the protein level, except for Vg 
which has been extensively studied in many crustacean species (e.g. Jayasankar et al” 
2006; Li et aL, 2006; Tiu et aL, 2006). Other than those identified by Lo el al. (2007), 
proteins identified by this study have not been reported. Most of the genes identified 
in the present study are highly expressed at stage I ovary, indicating active synthesis 
of structural proteins and accessory proteins for cell division, proliferation and 
differentiation at this stage. This is consistent with the fact that numerous RNAs are 
actively synthesized in previtellogenic oocytes, prior to vitellogenesis (Lo et al.， 
2007). Thus, further intensive studies on the early phase of ovarian development are 
especially important. 
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Chapter 4 Characterization of cellular retinoic acid 
binding protein (CRABP) and retinoic X receptor 
(RXR) in the shrimp Metapenaeus ensis 
4.1 Introduction 
In crustaceans, ovarian maturation is characterized by the accumulation of 
carotenoids. In addition to pigmentation, it has been proposed that carotenoid and its 
metabolites can affect the endocrine system relative to gonadal development and 
maturation in crustaceans (Meyers 1994; Lina-Cabello et a!., 2003; 2004a,b). Due to 
the unstable nature of carotenoid in crustaceans (Wolf, 1984; Matsuno, 1991), many 
studies have focused on the function of retinoids (Dall 1995; Lina-Cabello et cd., 
2004), the active form of carotenoids. It is expected that retinoids, especially retinoid 
acid (RA), function as homone-like factors in the regulation and differentiation of 
ovarian tissue and vitellogenesis (Lina-Cabello et al., 2002). 
In vertebrates, the effects of RAs are mediated via interaction with two classes of 
proteins inside cells: RA binding proteins and RA receptors. The general function of 
RA binding proteins, including cellular retinoic acid binding protein I and II 
(CRABP I and CRABP II)，involves the regulation of intracellular concentration of 
RAs as well as directing substrates during retinoid catabolism (Ross 1993). Although 
the information of CRABP II is limited, the function of CRABP I has been 
extensively studied. CRABP I may shuttle RAs from cytosol to nuclei to bind to RA 
receptors (Takase et al” 1986) or it may sequester RA, preventing its entry to the 
nucleus and regulate the intracellular concentration of free RA (Boyland and Gudas, 
1991). Perhaps the strongest evidence for the function of CRABP I points to 
dampening of cellular responses to RA (Boyland and Gudas, 1991; Morriss-Kay, 
1993). The nuclear RA receptors comprise two different members of the steroid / 
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thyroid receptor superfamily, RARs (a, p, y and 5) that are activated by d\\-trans RA 
and 9-cis RA, and RXRs (a, |3 and Y).that are activated only by 9-cis RA (Chambon, 
1996). In addition to form homodimer, RXRs are also known to act as accessory 
factors to bind with RARs, vitamin D receptors (VDRs), thyroid receptors (TRs) and 
many orphan receptors to form heterodimer to enhance or silence corresponding 
receptors activity (Beckett and Petkovich, 1999). In mammals, retinoic acid-bound 
RARs have dual functions. First, they can bind to RA response element (RARE) in 
the promoter region of DNA and activate particular genes transcription (Ikeda et al.’ 
2005). Secondly, they can blocks the activity of the Activating Protein-1 (AP-1), 
which is an important transcription factor involved in regulation of cell proliferation, 
to inhibit normal cell division (Desbois et al., 1991). The model of the RA signal 
pathways is summarized as follows: 
^ Retinoic acid 
Cytoplasm ^^ _Cellularretinoicacid/retinol 
binding protein 
'^ Rrthwicrrd — ^ 
Z z 、 - 、 、 
/ IN UC里CHS Kdinnk 41X1"' I \ � 
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r " V ^ 
, T r 撤 部 � � ^ AIM tr搬Tj—n 
i is bkxiu-d 
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Rep議 not 
Modified from http://8e.devbio.com/image.php?id=461 
As revealed by proteomic study in Chapter 3，there may be interactions between RA, 
CRABP, and receptors in reproduction and gene regulation in shrimp. Since the 
spacing between Arg 110 and Arg 130 (both are considered to be important for RA 
binding) of MeCRABP is 20, similar to that of CRABP I of vertebrates (Wang et al, 
1997), the shrimp CRABP may have homologous function as vertebrate CRABP I 
(Gu et al, 2002). Considering the declined expression level of MeCRABP during 
ovarian development (see Chapter 3) as well as elevated carotenoids (the precursor 
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of RA) content in the ovary from maturation stage II-FV in both wild and captive 
shrimps (Lina-Cabello et al, 2003), it can be proposed that similar mechanism of 
retinoic acid functioning in vertebrates may also exist in shrimp ovary. In primary 
oocyte, expression level of MeCRABP is high, and it can bind to retinoic acid and 
prevents it from entering the nucleus. The blockage of AP-1 activity will be 
terminated due to insufficient retinoic acid-bound RARs in nucleus. AP-1 responsive 
enhancer sequence is activated at the same time for transcription of genes responsible 
for cell division. In maturing oocye，MeCRABP expression declined, and retinoic 
acid-bound RARs bind with RARE in the promoter region and activate particular 
gene transcription which may participate in the regulation of shrimp ovary 
maturation. 
Given the variation in expression pattern of RXR homolog revealed in proteomic 
study (see Chapter 3)，it is possible that RXR also exist in shrimp ovary and may be 
involved in the regulation of ovary development. There is little information 
concerning the roles of RXR in invertebrate reproduction, except for Drosophila 
RXR which has been reported to be essential for female reproduction (Oro et ah, 
1992). To date, RXR has been reported in only three crustacean species, including 
two crab species (Chung et aL, 1998; Kim et al., 2005) and a branchiopod (Wang et 
al, 2007). Isolation and characterization of RXR genes have not been reported in 
shrimps. Based on cDNA library screening, partial sequence of RXR homolog has 
been isolated form Metapenaeus ensis (S. M. Chan, unpublished data). This 
facilitates the investigation of the possible roles of CRABP and RXR in shrimp 
ovarian maturation. 
The present study is divided into two major parts: 
A. Cloning of retinoid X receptor gene and investigation of the spatiotemporal 
expression pattern of CRABP and RXR in ovaries at different maturation stages. 
B. Determination of the CRABP and RXR mRNA expression levels in response to 
RA treatment by short-term in vitro ovary explant assay. 
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Based on the analysis of RXR gene in M. ensis with respect to phylogeny, 
developmental expression and in vitro regulation, the objective of this study is to 
provide more information on the roles of retinoids in the regulation of shrimp ovary 
development. 
4.2 Materials and methods 
4.2.1 Experimental animals 
Female shrimps {Metapenaeus ensis) at various ovarian maturation stages were 
purchased from a local seafood market and acclimated at 25°C in a 12 h light and 12 
h dark photoperiod. According to the external morphology, color, gonadsomatic 
index (GSI) and histological features, female shrimps were classified to five 
maturation stages (I to V) (Yano, 1985; Chu et ah, 1993). 
4.2.2 Preparation of total RNA 
Total RNA extraction 
Shrimp was anesthetized with ice before handling. Ovaries were dissected with a pair 
of sharp scissors, rinsed in cold RNase-free PBS and quickly homogenized by plastic 
pestle in TRIZOL Reagent (0.1 g/ml, Invitrogen). Total RNA was extracted 
according to the protocol of the manufacturer. The homogenized samples were 
incubated in Trizol reagent for 5 min at room temperature. After incubation, 1/5 
volume of chloroform was added. Following vigorous mixing, the tubes were 
incubated at room temperature for another 3 min. The samples were then centrifuged 
at 40,000 rpm for 25 min at 4�C and the colourless upper aqueous phase was 
transferred to a fresh tube. Total RNA was precipitated from aqueous phase by 
mixing with 1/2 volume isopropyl alcohol. After incubation at room temperature for 
10 min, the mixture was centrifuged at 14,000 rpm for 10 min at 4°C. After rinsing 
with 75% ethanol, the tubes were incubated for 15 min at room temperature before 
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being centrifuged at 8,000 rpm for 5 min at 4°C. RNA pellet was dried at room 
temperature for 10 min and dissolved in an appropriate amount of DEPC-treated 
water and incubated for 10 min at 55®C. 
Concentration and purity determination of total RNA extract 
The quality and quantity of the purified total RNA was monitored by analyzing 1 |xl 
of sample in a 1% denaturing agarose gel in 1 xMOPS running buffer diluted in 
DEPC-treated water for 1 h at 50 V. RNA sample was mixed with 4 volume RNA 
sample buffer and denatured at 55�C for 15 min prior to sample loading. The 
concentrations of RNA samples were determined by measuring optical absorbance at 
260 nm with an UV-VIS spectrophotometer (Hitachi U-2001), The purity of samples 
was also assessed by the ratio of absorbance at 260 nm to 280 nm. Pure RNA has a 
260/280 ratio of 1.9-2.1 in neutral buffer. 
4.2.3 Rapid Amplification of 5，and 3，cDNA Ends (RACE) 
Chemicals and reagents 
• All materials were provided by 573' RACE kit (Roche) 
• Oligo (dT)-anchor primer (from kit, Roche) (12.5 |iM)-
5'GACCACGCGTATCGATGTCGACTTTTTTTTTTTTTTTTN3'(N=A, C or G) 
• PGR anchor primer (from kit, Roche) (12.5 |xM)-
5，GACCACGCGTATCGATGYCGAC 3， 
Primers (Geneset，12.5 |xM) : (# AS，antisense; S, sense) 
Primer 
Gene Name Sequence (5’-3，） Strand# Application 
RXR SPl GAAGGACCTCAATTGCCTCA AS 5'-RACE: First strand cDNA synthesis 
SP2 TGCCACAAGTTCTGACAGC AS 5'-RACE: amplification of dA-tailed cDNA 
SP3 CCACTCAACCAGCTGCACTA AS 5'-RACE: Nested PCR 
SP5 AGGTCAATAGGTCTAAAGTGC S 3'-RACE 
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5'RACE: 
First-strand cDNA synthesis 
0.2-2 |j,g of ovarian total RNA was mixed with 4 |il of cDNA synthesis buffer, 2 \i\ 
of deoxynucleotide mixture, 1 i^l cDNA synthesis primer (SPl, 12.5 ^M), 1 |il 
reverse transcriptase and Milli-Q water to a final volume of 20 \i\. The mixture was 
incubated at 55°C for 60 min, followed by 85�C for 5 min. 
Tailing reaction of cDNA 
After purification of the synthesized cDNA by High Pure Product Purification kit 
(Roche), dATP was added to 3' end of purified cDNA by poly (A) tailing reaction. 
19 \x\ of purified cDNA was mixed with 2.5 \i\ lOx reaction buffer and 2.5 |xl dATP 
(2 mM). The mixture was incubated at 94�C for 3 min to denature, and chilled on ice 
for no less than 1 min. After centrifugation, 1 of terminal transferase was added 
and the mixture was incubated at 3TC for 30 min, followed by 70�C for 10 min to 
inactivate the transferase. The tailed cDNA was used as template for following PCR 
reaction. 
PCR amplification of dA-tailed cDNA 
5 \i\ dA-tailed cDNA was mixed with 1 |xl oligo dT-anchor primer, 1 |xl specific 
primer (SP2, 12.5 \iM), 1 \i\ deoxynucleotide mixture, 0.5 [d Taq DNA Polymerase 
(5 U尔 1)，5 |xl reaction buffer (lOx) and Milli-Q water to a final volume of 50 \il PCR 
amplification was performed according to the following program: 1 cycle of 3 min at 
9 r C , followed by 32 cycles of 30 sec at 94°C, 30 sec at 53°C, 60 sec at 72T, and a 
final cycle of 10 min at 72°C. 
Second PCR amplification 
The PCR product was re-amplified again by a nest PCR reaction. 1 |xl of diluted 
PCR product (1:20) was mixed with 1 |xl PCR anchor primer, 1 |xl specific primer 
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(SP3，12.5 |iM), 1 |il deoxynucleotide mixture, 0.5 |il Taq polymerase (5 U/ul), 5 
reaction buffer (lOx), and Milli-Q water to a final volume of 50 i^l. PCR 
amplification was performed according the program as above with anneal 
temperature at 57°C for 15 s. The PCR products were electrophoresed on a 1.5% 
agarose gel and stained with ethidium bromide for band characterization via 
ultraviolet transillumination, by which the size can be assessed by comparing with 
100 bp DNA ladder. Only PCR products with the expected size were excised for 
subcloning. 
3,RACE: 
First-strand cDNA synthesis 
0.2-2 jig of ovarian total RNA was mixed with 4 |il of cDNA synthesis buffer, 2 |il 
of deoxynucleotide mixture, 1 |il oligo dT-anchor primer (12.5 ^M), 1 i^l reverse 
transcriptase and Milli-Q water to a final volume of 20 The mixture was 
incubated at 55°C for 60 min, followed by 85�C for 5 min. 
PCR amplification of first-strand cDNA 
1 |il of cDNA product was mixed with 1 \i\ oligo dT-anchor primer, 1 \i\ specific 
primer (SP5, 12.5 |j,M), 1 deoxynucleotide mixture, 0.5 \i\ Taq DNA Polymerase 
(5 U/|xl), 5 yd reaction buffer (lOx) and Milli-Q water to a final volume of 50 i^l. PCR 
amplification was performed according to the following program: 1 cycle of 3 min at 
940c，followed by 32 cycles of 30 sec at 94°C, 30 sec at 55T, 60 sec at 72�C，and a 
final cycle of 10 min at 72°C. The PCR products were electrophoresed on a 1.5% 
agarose gel. PCR products with expected size were excised for subcloning. 
4.2.4 Subcloning 
Recovery of DNA fragments from agarose gel 
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The PCR products were electrophoresed on a 1.5% agarose gel and stained with 
ethidium bromide for band characterization via ultraviolet transillumination, by 
which the size and quantity of PCR products could be assessed. The amplified 
product was cut out by a blade. The weight of the gel slices was determined and 
DNA was purified with MEGA-spin™ Agarose Gel purification Kit (iNtRON). 
Agarose lysis buffer (3 xvolume) was added to dissolve the gel slices at 50°C for 
about 10 min with gently agitation. To bind DNA, the sample was applied to a 
column provided by the kit, and centrifuged for 1 min. The flow-through was 
discarded after centrifugation and the spin column was placed back in the same 2 ml 
collection tube. To purify DNA, 700 |xl washing buffer was added to the column and 
centrifuged for 1 min at 13,000 rpm. To dry the membrane, the filtrate was discarded 
and the column was centrifuged for 1 min. Finally, 20 |xl milli-Q water was added to 
the upper reservoir of each column to elute the DNA by centrifuging at 13,000 rpm 
for 1 min. 
Ligation 
The amount and purity of the purified DNA fragment was determined by agarose gel 
electrophoresis and the purified DNA was ligated with pMD 18-T Vector system 
(TakaRa Biotechnology, Dalian). Ligation reaction mixture was prepared following 
the manufacturer's instructions, and incubated at 16°C for 30 min 
Competent cell preparation 
Strain DH5aof E. coli was used as the host cell. A single colony of E. coli strain was 
grown overnight at 3 7 � C . Overnight culture (200 i^l) was mixed with 4 ml of fresh 
LB and re-grown at 3TC to an absorbance of 0.375 at 600 nm. The cells were 
pelleted at 1,600 rpm for 7 min at 4�C and resuspended in 4 ml of ice-cold CaCh 
solution twice and the cells were kept suspended on ice for 30 min. Finally, cells 
were re-pelleted and suspended in 800 \i\ of ice-cold CaCb and stored at -80°C. 
Transformation of Competent E. coli 
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All the ligation reaction mixture (10 i^l) was mixed with 100 |il of suspension of 
competent cells in a sterile micro-centrifuge tube by swirling gently. After incubation 
of the mixture on ice for 30 min, heat shock was performed at 42°C for exactly 90 
seconds. The tubes were transferred rapidly to an ice bath to chill the cells for 1-2 
min. 200 |il of fresh LB-ampicillin medium was added to each tube for bacterial cell 
recovery and the cultures were incubated at 37�C for 45 min with gentle agitation at 
37®C during the recovery period to allow the bacteria to recover and to express the 
antibiotic resistance marker encoded by the plasmid. Appropriate volume (100 yd per 
90-mm plate) of transformed competent cells were transferred to agar LB medium 
which contained 1 ampicillin (100 |xg/ml) and gently spread over the surface of the 
agar plate by a sterile bent glass rod. The inverted plates were incubated at 37°C 
overnight. Colonies appeared in 12-16 hours. 
PCR screening 
White colonies that were randomly picked were re-grown in 2 ml fresh 
LB-ampicillin medium in a loosely capped 15 ml tube at 3TC overnight with 
constant shaking at 260 rpm. 1 \i\ of each culture was used as PCR template. All 
polymerase chain reaction mixes had a total volume of 20 |xl and contained 1 |xl of 
DNA template, 2 …of Mg2+ free PCR buffer (lOx), 0.4 i^l ofdNTPs (10 ^M), 1.2 i^l 
of MgCl2 (25 mM), 0.4 |xl of each vector primer (10 ^iM), 0.2 |xl of Taq polymerase 
(5 U/|xl) and 13.6 \i\ of milli-Q water. The PCR thermal regime consisted of 1 cycle 
of 3 min at 94°C, followed by 32 cycles of 30 sec at 94�C，30 sec at 55°C, 30�60 sec 
at 72®C (depends on the length of target fragment), and a final cycle of 10 min at 
72°C. The PCR products were electrophoresed on a 1.5% agarose gel and stained 
with ethidium bromide for band characterization via ultraviolet transillumination, by 
which the size can be assessed by comparing with 100 bp DNA ladder. Only PCR 
products with expected size were subjected to sequencing analysis. 
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Primers used in PCR screening and cycle sequencing are vector primers RV-M (5' 
AGCGGAT AAC AATTTC AC AC AGG3') and M13-47 (5，CGCCAGGGTTTTCCC 
AGTCACG 3，） 
4.2.5 Sequencing 
Purified PCR products were sequenced from both forward and reversed direction 
using the corresponding vector primers based on dideoxynucleotide chain 
termination method (Sanger et al, 1977) using ABI PRISM 3100 Genetic Analyzer 
(Applied Biosystems). Consensus sequences were compiled from both forward and 
reverse sequences. All sequences were aligned and analyzed using ABI SeqEd 
Version 1.0.3 (Applied Biosystem) and the sequence data (chromatograms) were 
further inspected by eye to confirm automated base-calling. 
4.2.6 Phylogenetic analysis 
A phylogenetic analysis of the combined DNA binding domain and ligand binding 
domain was performed with RXR/USP (ultraspiracle protein, a homolog of the 
vertebrate RXR) amino acid sequences derived from 32 different species. Only 
complete sites (no gap, no X) were subjected to neighbour-joining (NJ) analysis with 
MEGA version 3.1 (Kumar et a!,, 2004). Bootstrapping (1000 replicates) was 
performed to access the confidence level at each branch. 
The colding sequence within the full length cDNA was identified based upon 
alignments with known full length RXR sequences derived from NCBI's GenBAnk 
database. The deduced amino acid sequence for the RXR protein, domain structure, 
protein molecular weight as well as pi value were analyzed by ExPASy softwares 
(http://ca.expasv.orgA. 
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4.2.7 Reverse transcription (RT) 
First-strand cDNA was synthesized from 500 ng of mRNA from ovaries of female 
shrimp, using the Superscript III reverse transcriptase (Invitrogen) according to the 
manufacturer's protocol. 1 |xl of oligo(dT)2o was mixed with 5 \ig total RNA, 1 i^l 
dNTP Mix (10 mM) with RNase-free Milli-Q water to a final volume of 14 The 
mixture was heated to 65�C for 5 min and incubated on ice for at least 1 min to 
denature RNA. After centrifugation, 4 5x First-Strand Buffer, 1 0.1 M DTT and 
1 \i\ superscript™ III Reverse Transcriptase were added to the mixture and mixed 
by gentle pipetting up and down. A further incubation at 50°C for 30-60 min was 
carried out followed by heating at 70°C for 15 min. 
4.2.8 Semi-quantitative RT-PCR 
To evaluate the mRNA expression pattern of RXR and CRABP in different tissues, 
semi-quantitative RT-PCR experiments were used to measure expression levels of 
MeRXR and MeCRABP in epidermis, eyestalk, gill, hepatopancreas, heart, intestine, 
muscle, ovary, brain, thoracic ganglion and ventral nerve cord. Total RNA extraction 
and reverse transcription were performed as described as above. Primers were 
designed within the ligand binding domain of the RXR mRNA, include LBD-F (5'-
TAGTGCAGCTGGTTGAGTGG-3') and LBD-R (5 '-TTGCCACAAGTTCTGACA 
GC-3'). A pair of primers CRABP-F (5'-ATGGCCAAGTTCGAAGGAAA-3') and 
CRABP-R (5'-TGTAGACTCGCGTGCAAACAA -3’) were designed and used to 
amplify the coding sequence of the mature peptide of CRABP. A fragment of the 
constitutively expressed elongation factor-la gene amplified by specific primers 
EFIA-U (5，-CGCCACCTGCTTCCTTCT-3，)，EFIA-L (5，-TGCCA CACTGCTCA 
CATT-3，）was used as an internal control. Program used in these reactions include 
one cycle of 94�C for 5 min, followed by 25 cycles of 94T for 30 s, 5TC for 15 s, 
72°C for 30 min, and a final extension step at 72�C for 10 min. The PGR products 
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were electrophoresed on a 1.5% agarose gel and analyzed using Kodak Digital 
Science ID software. 
4.2.9 Real-Time RT-PCR 
The gene-specific primers used for SYBR Green PCR included LBD-F and LBD-R 
for RXR, CRABP-F and CRABP-R for CRABP, EFIA-U and EFIA-L for 
elongation factor-la. The SYBR Green RT-PCR amplifications were performed in 
an iCycler thermocycler coupled with the iCylcer iQ Real-Time PCR detection 
system (Bio-Rad). The PCR amplification was carried out in a 96-well plate in a 25 
|xl reaction volume, which contained Ix iQ SYBR Green Supermix (Bio-Rad), 0.25 
|j,M each of forward and reverse primers, and 5 |il of cDNA. the thermal profile for 
SYBR RT-PCR was as follows: 
Cycle 1: ( lxy~ 
Step 1: 94.0 OC for 03:00 
Cycle 2: (40xy~ 
Step 1: 94.0°C for 00:30 
Step 2: 57.0�C for 00:20 
Step 3: 72.0�C for 00:30 
Step 4: 82.0°C for 00:07 
Data collection and real-time analysis enabled 
Cycle3:(lxy~ 
Step 1: 57.0�C for 01:00 
Cycle 4: ( 7 7 ^ 
Step 1: 一 57.0�C-59°C for 00:20 
Increase set point tenqjerature after cycle 2 by 0.5 °C 
Melt curve data collection and analysis enabled 
Real-time PCR was performed twice for each sample and the experiments were 
repeated from three individuals to ensure the reproducibility and accuracy of the 
results. In addition, the specificity of PCR amplification was also confirmed by 
agarose gel electrophoresis at the end of real-time assay and the PCR products were 
sequenced. The relative levels of MeRXR and MeCRABP mRNA transcripts from 
various samples were estimated by a comparative Ct method 
80 
4.2.10 In situ hybridization 
Chemicals and reagents 
• 4% paraformaldehyde 
0.4 g paraformaldehyde/100 ml DEPC-treated PBS 
• NTE buffer 
0.5 M NaCl，10 mM Tris, 1 mM EDTA; pH 8.0 
.TBS buffer 
100 mM Tris, 150 mM NaCl; pH 7.5 
.Hybridization buffer (store at -20°C) 
50% formamide, 10% dextran sulphate, IxDenhardt's solution, 10 mM DTT, 1 
mg/ml yeast tRNA, 1 mg/ml Salmon sperm DNA 
• Block solution (prepared in TBS buffer) 
10% sheep serum, 0.5% Blocking Reagent 
.20XSSC 
3 M NaCl, 300 mM sodium citrate; pH 7.0 
• Equilibration buffer 
100 mM Tris-HCl, 150 mM NaCl, 0.5% blocking reagent, 0.1% tween-20; pH 7.5 
Color-solution (NBT/BCIP, 10ml) 
0.05 M MgClz, 0.1 M NaCl, 50 i^l NET, 37.5 i^l BCIP, 0.1 M Tris-HCl; pH9.5 
• 2% APES solution 
2% (v/v) APES (3 -aminopropyltriethoxysilane) in acetone 
Transcriptional labeling ofRNA Probes 
The fragment of CRABP coding region amplified by specific primers CRABP-F and 
CRABP-R, was ligated with pMD 18-T Vector system (TakaRa) followed by 
transformation to competent E. coli. PCR product amplified from vector primers 
RV-M and M43-17 had RNA polymerase promoter site for T7 and SP6, which made 
it suitable for in vitro transcription. RNA probes for both sense and antisense strands, 
were transcribed by MAXIscript kit (Ambion) following manufacturer's protocol. 
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The 20 transcription reaction mixture included 100-200 ng PCR products, Ix 
transcription buffer, 0.5 mM ATP, 0.5 mM CTP, 0.5 mM GTP, 0.6 UTP (10 mM)， 
0.4 |il DIG labeled UTP, and 2 |il RNA polymerase. After centrifugation, the 
transcription mixture was incubated at 37°C for 1 h. The reaction was stopped by 
adding 2 [d 0.2 M EDTA. 
Slides preparation 
Slides and cover slides were rinsed in NaOH solution for 12 h, washed with 
35°C40°C water for 30 min, then washed with ddHiO for 5 min for 3 times. These 
slides were air-dried at room temperature followed by incubation in oven at 180°C 
overnight. These slides were further rinsed in 2% APES solution for 60 min, washed 
with DEPC-H2O twice, incubated in oven at 60°C overnight. 
Before hybridization 
Ovary tissues were freshly fixed in 4% paraformaldehyde for 24 h and embedded in 
paraffin, sectioned at 7 |am and mounted onto 3-aminopropyltriethoxysilane coated 
glass slides. After de-paraffinization by immersion in xylene for 2x10 min, sections 
were rehydrated by rinsing in serial ethanol (100%, 75%, 50% and 25%, 5 min each) 
followed by immersion in DEPC-treated PBS for 5 min. Rehydrated sections were 
digested with proteinase K (20 |xg/ml) at 37�C for 20 min, post-fixed in 4% 
paraformaldehyde and acetylated in 0.25% (v/v) acetic anhydride in 0.1 M TEA 
(triethanolamine, pH 8.0) for 2x5 min to avoid unspecific binding of probes to 
sections. 
Pre-hvbridization and hybridization 
After a 10 min washing with 4 x SSC, sections were prehybridized in 50% (v/v) 
deionized formamide in 2 x SSC at 58°C for 60 min, and hybridized in a humidified 
chamber with 0.5 mg/ml DIG-labeled RNA sense or antisence probes in 
hybridization buffer at 58°C overnight. 
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Post-hybridization and color development 
After hybridization, the slides were washed in 2xSSC for 2x15 min, 50% 
fonnamide/50% 2xSSC for 2x15 min, NTE buffer for 5 min at 58T followed by 
treatment with RNase A in NTE buffer (20 |il/ml) for 30 min at 37�C. The sections 
were further washed in NTE buffer and O.lx SSC at 58�C for 30 min, equilibrated in 
TBS buffer for 10 min and blocked in 40 |il/section blocking solution at room 
temperature for 15 min, followed by treatment with 20 |il/section alkaline 
phosphatase conjugated anti-DIG antibody (1:500 in blocking solution, Roche) at 
room temperature for 1 h. After incubation, the sections were further washed in TBS 
buffer for 2x10 min, and equilibrated in equilibration buffer for 5 min. Color reaction 
was developed with 20 jxl/section color solution in the dark. At the end of color 
development, sections were rinsed with distilled water and mounted in DPX 
mounting solution. 
4.2.11 Tissue culture and in vitro ovary explant assay 
Short-term in vitro ovary explants assay was used to study the effects of exogenous 
a\\-trans retinoic acid and 9-cis retinoic acid on CRABP and RXR gene expression. 
Briefly, the ovaries of the female shrimp in the previtellogenic (stage I), vitellogenic 
(stage III) and cortical rod stages (stage V) were cut into small 27-mm^ fragments in 
cold PBS and placed into the wells of 24-well culture plates each containing 1.5 ml 
of the Ml99 medium (Sigma). Stock solutions of a\\-tmns and 9-cis retinoic acid 
prepared in ethanol were serially diluted to the appropriate working concentrations 
(0.1 i^ M, 1 |iM, 5 }iM, 10 |xM, 50 |iM and 100 |iM). The chemicals were applied to 
culture medium at the ration of 1:1000 (1.5 |xl each well). The tissues were incubated 
at room temperature (25®C) with gentle shaking on an orbital shaker. For the controls, 
equal volume (i.e., 1.5 fxl) of ethanol was added to the 1.5 ml medium. After 
incubation of 3 h in culture medium, total RNA from the ovary fragments were 
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extracted and analyzed on 1% denaturing agarose gel. Semi-quantitative RT-PCR 
was performed as described above. 
4.2.12 Statistical analysis 
SigmaStat (Systat Software) was used to analyze all data which were expressed as 
mean 士 S.E. The data were analyzed by one way analysis of variance (ANOVA) 
followed by Tukey test. P<0.05 was considered to be statistically significant. 
4.3 Results 
4.3.1 Full-length RXR cDNA derivation 
A cDNA fragment that was highly homologous to the RXR ligand-binding domain of 
the M. ensis was isolated by cDNA library screening during the study of roles of 
nuclear receptors in shrimp (S. M. Chan, unpublished data). From this sequence, 
primers were designed for subsequent derivation of the full length cDNA by RACE 
PCR. The complete MeRXR nucleotide sequence was 1427 bp in length (Fig. 4.1)， 
which encoded a protein of 410 amino acids with a deduced molecular weight of 
44819.5 Da, and pi 6.64. These matched to the observed values estimated from the 
2DE gels (Fig. 3.4). Analysis of the deduced MeRXR amino acid sequence revealed 
that it consisted of the five domain structure that was characteristic of all members of 
the nuclear hormone superfamily: a ligand-independent A/B domain (AA 1-78)，a 
DNA-binding domain (DBD) (79-150), a hinge region (151-213)，a ligand-binding 
domain (LBD) (214-373) and a F domain containing the putative ligand-dependent 
AF-2 activation motif YLMKML (Thompson et al., 2001; Wang et al, 2007). The 
DBD consisted of two zinc-nucleated modules and a C-terminal extension, where 
residues in the first zinc module (82-102) determined the specificity of the DNA 






M S G S L D R Q S P L N V T P N 16 
actgccccacttctctcgccttcaccctccagttactccaacactaatggaggaccagct 
T A P L L S P S P S S Y S N T N G G P A 3 6 
tctcccagtgtaccaactccatcttttaacattgggtctagtggcaacgggcttagctcc 
S P S V P T P S F N ' I G S S G N G L S S 5 6 
agcaatggaagcaacctaagcacgtcaccaaatcagtatcccccgaaccaccctctgtca 
S N G S N L S T S P N Q Y P P N H P L S 7 6 
ggatcaaaacacctctgttcgatctgtggtgaccgagcttctggaaaacattatggagta 
G S K H L C S I C G D R A S G K H Y G V 96 
tacagctgtgaaggatgcaaaggattcttcaaacgcacagtacgtaaagacctctcatat 
Y S C E G C K G F F K R T V R K D L S Y 116 
gcatgtcgagaagaaagaggctgtacagtcgacaagagacagaggaaccgctgccagtat 
A C R E E R G C T V D K R Q R N R C Q Y 136 
tgccgataccagaaatgtatagggatgggcatgaagcgagaagcggtccaggtaggggga 
C R Y Q K C I G M G M K R E A V Q V G G 156 
gcagaggaggaacgacaacgtacaaatagagatagaggagatgctgatacagactcagct 
A E E E R Q R T N R D R G D A D T D S A 1 7 6 
ttgggtggtgccaacgacatgcccatctcacaaaTtcgtgatgcagaactcatttcagac 
L G G A N D M P I S Q I R D A E L I S D 196 
ccagcagatgatttactgtttgaagaaggggatgctgtgactcacatttgtcaggctgca 
P A D D L L F E E G D A V T H I C Q A A 216 
gacagacatttagtgcagctggttgagtgggcaaaacatattccacacttcacagaattg 
D R H L V Q L V E W A K H I P H F T E L 2:36 
cctgtagatgaccaagtcatacttctcaaagctggttggaatgaattgcttattgcatcc 
P V D D Q V I L L K A G W N E L L I A S 256 
ttttcacaccgaagcatgggagttaaagatggaattgttttggctacaggcttagtggta 
F S H R S M G V K D G I V L A T G L V V 276 
cacagcagcagtgcgcatcatgcaggtgttggagatatttttgacagagtgctgtcagaa 
H S S S A H H A G V G D I F D R V L S E 296 
Cit^llicttaaaatgaaggaaatgaaaatggacaagacagagcttggatgcttgcgtgcc 
L V A K M K E M K M D K T E L G C L R A 316 
attgttctcttcaatcctgatgtgaaagggctgcatgcatgtgaggcaattgaggtcctt 
I V L F N P D V K G L H A C E A I E V L 336 
egagagaaggtctatgcaacactagaagagtacacaaggaccagctatcctgaccagcca 
R E K V Y A T L E E Y T R T S Y P D J P 356 
ggacgatttgccaagctactcctcagacttcctgctctgl^gtcaataggtcSaaagtiB 
G R F A K L L L R L P A L R S I G L K C 376 
ctggagtatttgttcttgttcaagttgcttggagataccccattggataactactrgatg 
L E Y L F L F K L L G D T P L D N |Y L M| 396 
aagatgcttgctgaaaaccccaacajgttcatcaccaacaagttagaagaagatcaggagc 
IK M L A IE N P N S S S P T S - 110 
agttgcagttatcatagaggtttttgtgtagaaaaaaaaaaaaaaaa 
Figure 4.1 Nucleotide and deduced amino acid sequences of MeRXR cDNA. 
Shaded areas denote binding sites for the RACE primers SP3, SP2，SPl and SP5 
respectively. The DNA binding domain (DBD) (AA 79-150) and Ligand binding 
domain (LBD) (AA 214-373) of MeRXR are underlined and the putative AF-2 
activation motif is in open box. The stop codon is indicated by Partial sequence 
that is provided by Dr. Chan is boldfaced. 
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4.3.2 Sequence comparisons and phylogenetic analyses 
The MeRXR amino acid sequence was compared to that of other species, including 
vertebrates and invertebrates (Fig. 4.2). The most conserved domain was DNA 
binding domain, which exhibited more than 80% identity or 90% similarity with the 
RXR DBDs of human {Homo sapiens), zebrafish (Danio rerio), African clawed frog 
{Xenopus laevis), crab {Gecarcinus lateralis), water flea {Daphnia magna), snail 
{Biomphalaria glabrata), lancelet {Branchiostoma floridae), and fruit fly 
{Drosophila melanogaster). Even jellyfish {Tripedalia cystophord) RXR shared 60% 
identity and 70% similarity with MeRXR. The MeRXR P-box was 100% identical to 
the P-boxes ofUSPs and RXRs (Fig. 4.3). The MeRXR D-box, found in the second 
zinc module, had three or four amino acids identical to insect USPs and crustacean 
RXRs, but had only two amino acids identical to the D-boxes of vertebrate RXRs 
(Fig. 4.3). The LBD of MeRXR was similar in length to the RXRs (or USPs), and 
exhibited >75% identity with most RXRs of species studied except the fruity fly 
(48%) and jellyfish (51%) (Fig. 4.2). The P-tum region was longer in Diptera 
{Drosophila) and Lepidoptera (Plodia) USPs, with little conservation in the 
additional residues. High amino acid conservation occurred at the ninth heptad repeat 
in all RXRs and USPs. While helix H12 was highly conserved among most species, 
sequences of HI2 were variable in Diptera {Drosophila), Lepidoptera {Plodia) and 
Cubozoa {Tripedalia) (Fig. 4.3). Interestingly, unlike the AF-2 domain in other RXRs 
(USPs) where a highly conserved acidic amino acid (glutamic acid or aspartic acid) 
was found, lysine was present in all crustacean species (gray vertical box in Fig. 4.3) 
at this position, which was considered to be critical for ligand induced 
conformational changes in vertebrate RARs, RXRs, TRs and VDRs (Renaud et ah, 
1995; Wagner et al., 1995; Egea et al” 2000; Rochel et al, 2000). Although MeRXR 
DBD shared more similarity to insect USPs, the LBD of MeRXR was more similar 
to that of vertebrate RXRs than insect USPs (Fig. 4.2). The hinge D domain is 
variable even among closely related orthologs, with about 30% identity to RXR D 
domain of crab and water flea. 
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Metapenaeus ens r.v RXR 
A/B C D E F 
78 72 63 160 37 
Gecarcinus lateralis JCKK (AAZ203(58) 
Q B H H ^ H E S H H H H K S E D H I I ^ ^ I 
68 72 97 160 39 
Daphnia magmiJJ^ (ABF74729) 
78 72 58 160 32 
Bioniphalavia ghf)r(丨 tu_RXR (AAL86461) 
113 72 58 160 33 
Branchiostoma JloridaeJCKK (AAiM46151) 
158 72 70 160 64 
Xenopus /«c'r/.v_RXRa (P51128) 
157 72 66 160 33 
Danio /w,«_RXRa (Q90415) 
50 72 64 160 33 
Homo aapieiisJiXRa. (AAH63827) 
m t m m m a m m a m i ^ m a ^ m E m 
185 72 66 160 33 
Drosophila nwlanogasterJJS? (NP_476781) 
100 72 110 187 39 
Tvipedalia cys_lior(i_RXR (AAC80008) 
Figure 4.2 Comparison of functional domains of MeRXR homolog with other 
RXRs. Letters above the boxes indicate the receptor domains while the numbers 
below show the length (number of amino acids) of the domains. Percentages of 


































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































B. TaurusJtXK^ (AAY34706) 
H. sapiensJOCR^ (NP_068811) 
98 S. scro/a_RXRp (CAN13298) 
92 JA/. m«jcM/«j_RXRp (NP_035436) p 
—851R, norvegicusJiXR!^ (AAH99776) 
93 -
_ X. /aevw_RXRp (NP_001080936) 
65 D. wrjo_RXRP (Q7SYN5) 
~D. reno_KXRa (Q90415) 
p X . /aevK_RXRa (P51128) g 
p i i L A/.m«cu/u._RXRa(NP_035435) | C h o r d a t C S 
gj H. sapiensJOiRa (AAH63827) ^ 
R. norvegicusJOCKa (CAL25727) 
D. rerio_RXRy (Q90416) 
L X. laevis_KXRy (P51129) 
66 L _ 「兄 norvegicusJCKRy (NP_113953) 
_ IB. taurus_RXRy (Q0VC20) Y 
y S. scrofaJRXRy (AAR96256) 
p i 67"! H. sapiens(NP_008848) 
IM. musculusJOiRy (NP_033133) 
99 P- misakiensisJRXR (BAA82618) 
B. floridaeJXK (AAM46151) 
T. clavigeraJOiK (AAU12572) 
100 I"L. slagnalisJRXR (AAW34268) Mollusks 
glabrataJRXR (AAL86461) 
~ — G lateralis_RXR (AAZ20368) 
97 C. pugilator_KXR (AAC32789) 
f M. ensisJtXR Crustaceans 
D. mag/ia_RXR (ABF74729) 
州 T. caslaneumJJS? (CAL25729) 
61 IW T. molitor USP (CAB75361) 
L. decernlineatam? (BAD99298) 
97 _ Other 
~53 ogi B. germanica_RXR (CAH69897) 
insects 
LmigraloriaJRXR (AAQ55293) 
77 1 的 「 力 . m e l l i f e r a J J S P (NP_001011634) 
M. icuJe//arw_USP(AAW02952) 
L^S. depilisj)^ (ABB00308) 
lOOj L. cuprina USP (AAGO1569) D i p t e r a 
D. melanogastex USP (NP_476781) 
100 p. interpunctella USP (AAT44330) 
ITO CfumiferanaJJSP (076202) 
~ ~ M (P54779) Lepidoptcra 
^ B. moriJUS? (NP_001037470) 




Figure 4.4 Phylogenetic (NJ) tree of the RXR (USP) subfamily. The M. ensis 
sequence is in boldface. Branch lengths are proportional to evolutionary change; the 
scale bar represents 0.05 differences per site. Numbers at each branch represent 
percentage of bootstrap support from 1000 replicates. 
91 
Phylogenetic analysis showed that the sponge (Suberites) and the jellyfish 
(Tripedalia) are most distantly related among the species investigated (Fig. 4.4). The 
other species were grouped together with high bootstrap value (97%). Diptera 
(Lucilia and Drosophild) and Lepidoptera {Plodia, Choristoneura, Manduca, 
Bombyx) sequences constitute a monophyletic group (100% bootstrap support) 
separated from the other species, including other insects, indicating Diptera and 
Lepidoptera RXR experienced a strong acceleration of evolutionary rate (Bonneton 
et aL’ 2003). All the other insects (Tribolium, Tenebrio, Leptinotarsa, Blattella, 
Locusta’ Apis, Melipona and Scaptotrigona) were grouped together by high bootstrap 
value (92%). This topology somehow contradicted the phylogeny of the species. For 
example, the coleopterans (Tenebrio) belong to the holometabolous insects, which 
also included Diptera and Lepidopera (Bonneton et al” 2003). Yet the USP from this 
beetle was more similar to other animals than to Diptera or Lepidopera. M. ensis was 
grouped with the other crustacean although the bootstrap support was below 50%. 
The chordates and mollusks clustered together with high bootstrap (99%), and each 
of the two groups was monophyletic. In chordates, the RXR sequences of the 
urochordate {Polyandrocarpa) and the cephalochordate {Branchiostoma) were 
clearly distinct from that of the vertebrates. There were clearly three types of 
vertebrate RXRs. The interspecies conservation of a given RXR type is even greater 
than the similarity of the three RXR types found within a given species, which 
suggests that each RXR isoform could exhibit subtle functional difference (Chambon, 
1996). 
4.3.3 Spatiotemporal expression profiles of MeCRABP and MeRXR 
mRNA in female shrimp 
Semi-quantitative RT-PCR showed that CRABP was universally expressed in all the 
tissues investigated including epidermis, eyestalk, gill, hepatopancreas, heart, 
intestine, muscle, ovary, brain, thoracic ganglion and ventral nerve cord (Fig.4.5a). 
Paralle replicates from three individual were performed, and the results were 
9 2 
a. 
Ep Es Gi Hp Ht It Ms Ov Br Th VNC 
CRABP 
illJIIIIII 
Ep Es Gi Hp Ht It Ms Ov Br Th VNC 
b. 
Ep Es Gi Hp Ht It Ms Ov Br Th VNC 
RXR 
1.4 1 
! 11 lilllil 
Ep Es Gi Hp Ht It Ms Ov Br Th VNC 
Figure 4.5 The spatial expression pattern of MeCRABP (a) and MeRXR (b) in 
female Metapenaeus ensis. Ep: epidermis; Es: eyestalk; Gi: gill; Hp: hepatopancreas; 
Ht: heart; It: intestine; Ms: muscle; Ov: ovary; Br: brain; Th: thoracic ganglion; VNC: 
ventral nerve cord. Elongation factor-la is used as internal control to normalize 








I II III IV V 





I II III IV V 
Stages of ovarian maturation 
Figure 4.6 Relative MeCRABP and MeRXR mRNA levels in ovaries of different 
maturation stage. Elongation factor-la is used as internal control to normalize cDNA 
amount for real-time RT-PCR. Each data point represents mean 士 S.E. (N=3). 
Different letters indicate statistical significance (P<0.05). 
9 4 
a. 
i ' 、 广 , r * 貢 仏 • 
I � M O 矿， 
智 雜 ' IN 
悠 L : 感 , 〜 赢 ‘ 、 , 為 * i 
^mmm 
4 r p ‘ 身 ！ 二 戰 V 气 、 一 
Figure 4.7 Detection of MeCRABP mRNA in the shrimp ovary by in situ 
hybridization with antisense (a) and sense (b) probes prepared by in vitro 
transcription. PO: primary oocyte; MO: maturing oocyte 
95 
consistent among replicates. The expression level of MeCRABP was lower in 
epidermis and hepatopancreas than in other tissues. While MeRXR was also 
expressed in all tissues investigated except eyestalk and hepatopancreas (Fig. 4.5b). 
The expression levels were low in epidermis, intestine and thoracic ganglion. 
Real-time RT-PCR was performed to assess the relative levels of MeCRABP and 
MeRXR expression in female shrimp ovaries of five maturation stages. Both of 
themwere differentially expressed during ovarian development. Although 
MeCRABP could be detected at all stages, the level of MeCRABP mRNA was 
highest in the stage I ovaries, and gradually declined through ovary development (Fig. 
4.6a). Consistent with this result, in situ hybridization showed that the primary 
oocytes (PO) exhibited the strongest staining signal that declined progressively with 
the growth of oocytes. The maturing oocytes (MO) only showed background signals 
(Fig. 4.7). Considering the fact that proportion of small primary oocytes decreases in 
company with ovary development (Fig. 3.1, 3.2)，it was not difficult to explain the 
decreased CRABP mRNA expression level in mature ovaries. In contrast to the 
decreased MeCRABP mRNA level, MeRXR mRNA level was low in stage I’ II and 
III ovaries, and increased significantly in stage IV and V ovaries (Fig. 4.6b). Due to 
low abundance of MeRXR transcript (10 copies per lO^ copies elongation factor-la), 
it was not possible to get positive signal from in situ hybridization. 
4.3.4 Effect of exogenous retinoic acids on the expression of 
MeCRABP and MeRXR in shrimp ovaries 
An in vitro explant culture system was developed to test the effects of exogenous 
diW-trans RA and 9-cis RA on the mRNA expression levels of MeCRABP and 
MeRXR. The results showed that d\\-trans RA had no significant effect on the 
expression of MeCRABP in shrimp ovaries at any maturation stages (Fig. 4.8). 
However, the effects of exogenous dX\-trans RA on the expression of MeRXR were 
stage dependent (Fig. 4.9). It consistently reduced the expression of MeRXR in a 
9 6 
stage I 125� � 
0 0.1 1 5 10 50 100 _ 
" l l l l l l l 
0 0.1 1 5 10 50 100 
all-trans RA concentration (nM) 
stage III 
120 
C R A B P 60 . • • • • • • • 
“ 1 ^ - i i i i i m 
0 0.1 1 5 10 50 100 
all-trans RA concentration (nM) 
stage V 巧180 
0 0.1 1 5 10 50 100 (nM) < 120 -
議 � ^ ^ ^ ^ S I f 1 1 I I 1 1 
EF B B i B S B B B B B I g 3� 
0 0.1 1 5 10 so 100 
all-trans RA concentration (nM) 
Figure 4.8 Regulation of MeCRABP mRNA expression in the shrimp ovary by 
all-trans RA in vitro. The values are means 土 S.E. (N=3). Different letters indicate 
statistical significance (P<0.05). 
97 
stage I 一 [ ^ 
• j L ab abc 
0 0.1 1 5 10 50 100 (nM) H • • f 
0 0 . 1 1 5 10 50 100 
all-trans RA concentration (nM) 
Stage III 14° 
0 0.1 1 5 10 50 100 (nM) I " • 丄 — _ — _ I 
RXR ^ g H ^ B P : : • • • • • • • 
0 0.1 1 6 10 50 100 
all-trans RA concentration (nM) 
Stage V 2 0 0 「 b 
^ ^ ^ ^ ^ ^ ^ I ^ S ^ O M n M ) ^ ^ a 丄 丄 • 容 
二 i U l l l l l 
0 0 , 1 1 5 1 0 50 1 0 0 
all-trans RA concentration (nM) 
Figure 4.9 Regulation of MeRXR mRNA expression in the shrimp ovary by 
dXUrans RA in vitro. The values are means 士 S.E. (N=3). Different letters indicate 
statistical significance (P<0.05) 
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stage I uo 
0 1 5 10 50 100 (nM) loo • H H • ^ 
CRABP . “ • • • • • _ 
EF B B B ^ B B S || ；: 1 1 1 1 1 1 
0 1 5 10 50 100 
9-cis RA concentration (nM) 
Stage III 
160 
0 1 5 10 50 100 (nM) * " 2^0 • T H • 
j p | | i | | i EF i ^ o m m ^ m i ' � • • • 
0 1 5 10 50 100 
9-cis RA concentration (nM) 
Stage V 
140 
1 ? 12�. J 
CRABP 印 
EF B B B B S B S E 9 i l 
0 1 5 10 50 100 
9-cis RA concentration (nM) 
Figure 4.10 Regulation of MeCRABP mRNA expression in the shrimp ovary by 
9-cis RA in vitro. The values are means 士 S.E. (N=3). Different letters indicate 
statistical significance (P<0.05) 
99 
140 
Stage I 1 £ 120 丄 
0 1 5 10 50 100 _ ^ o 100 • H H 
0 1 5 10 50 100 
9-cis RA concentration (nM) 
Stage III _ 120� 
1 £• 100 1 
Rx R 
EF i ^ B D S B I 
0 1 5 10 60 100 
9-cls RA concentration (nM) 
Stage V 则 
« 120 -
^§100 I I ± ab f 
0 1 5 10 50 100 
9-cis RA concentration (nM) 
Figure 4.11 Regulation of MeRXR mRNA expression in the shrimp ovary by 9-cis 
RA in vitro. The values are means 士 S.E. (N=3). Different letters indicate statistical 
significance (P<0.05) 
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roughly dose-dependent manner in stage I ovaries. There was no significant effect on 
the expression of MeRXR in stage III ovaries. In stage five ovaries, MeRXR 
expression was enhanced by exogenous dW-trans RA treatment. Similar with the 
effects of diW-trans RA, 9-cis RA had no significant effect on the expression of 
MeCRABP in all stages investigated (Fig. 4.10). There was a trend that RXR was 
inhibited by 9-cis RA in a roughly dose-dependent manner in stage V ovaries (Fig. 
4.11). 
4.4 Discussion 
4.4.1 Cloning and characterization of the M, ensis RXR 
In the present study, the full-length cDNA for RXR was cloned and sequenced in the 
shrimp M. ensis. The overall amino acid sequence homology of the MeRXR between 
shrimp and other crustacean species is high. The deduced amino acid sequence of 
LBD and DBD for the M. ensis RXR exhibits significant similarity with RXR of 
other crustaceans (Fig. 4.2, 4.4) suggesting similar ligand-binding characteristics and 
transcription function of the receptor. When compared with insect USPs and 
vertebrate RXRs, the deduced amino acid sequence of MeRXR is quite interesting. 
Although the RXR DABs share higher identity between M. ensis and insect USPs, 
the LBD of MeRXR is more similar to vertebrate RXRs than to insect USPs (Fig. 4.2, 
4.3). 
In the DBD of MeRXR, there are two sequences in the zinc finger region, called 
P-box and D-box (Fig. 4.3), which can affect the receptors' ability to bind to a 
particular hormone response element (HRE) (Zilliacus et al., 1995). The P-box is 
100% identical among all USPs and RXRs, suggesting that these proteins have 
similar DNA recognition specificity, whereas D-box shows a lower level of 
conservation, which may relate to different potential dimerization and DNA binding 
properties. 
101 
Downstream of the DBD of MeRXR, there is a T-box which differs from that of 
most insect USPs and vertebrate RXRs by five amino acid insertions (Fig. 4.3), 
which suggest that the T-box of MeRXR may assist DNA binding in a manner 
different to other RXRs. The P-tum region in the RXR is the putative ligand-binding 
site and combines with several helices to form a putative ligand-binding pocket 
(Bourguet et al, 1995). MeRXR contains the conserved hydrophobic amino acid 
residues in p-tum region, which are believed to be important in ligand entry and 
anchoring of all-trans RA to the putative ligand-binding pocket in retinoid receptors 
(Bourguet et al, 1995). 
In human RARy, AF-2 region is responsible for transposition of helix 12 to form a 
‘lid’ on the ligand-binding pocket during ligand binding (Renaud et al” 1995). The 
MeRXR AF-2 domain of helix 12 shows significant divergence relative to insect 
USPs and vertebrate RXRs. The conserved acidic amino acid residues (glutamic 
acids) in the AF-2 region of vertebrate RXRs are replaced by lysine and alanine in 
MeRXR (Fig. 4.3). A similar substitution in the conserved acidic residues also 
occurred in two crab species (Gecarcinus lateralis and Celuca pugilator), suggesting 
that decapod crustacean RXRs many have different transconformation and 
transactivation properties than vertebrate RXRs (Chung et al., 1998). 
4.4.2 Developmental expression of CRABP and RXR in shrimp 
ovary 
In the present study, RT-PCR revealed that MeCRABP was universally expressed in 
all tissues investigated, but RXR was not expressed in the eyestalk and 
hepatopancreas (Fig. 4.5). Based on immunohistochemical detection study, Gu et al 
(2002) revealed the presence of MeCRABP in several cell types in the eyestalk 
including the neurosecretory cells of the X-organ, that produce neuropeptides belong 
to the CHH/MIH/GHI family (De Kleijin and Van Herp, 1995). Although several 
putative response elements correspond to the binding sites of RXR transcription were 
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identified in the promoter region of CHH-A and MIH of shrimp (Chan et al., 1998; 
Gu et al” 1998a), there was no MeRXR transcript detected in eyestalk. However, 
apart from eyestalk, additional sites of synthesis and release of CHH have been 
proposed (Chang ei aL, 1998). Whether MeCRABP and MeRXR are involved in the 
regulation of CHH family genes await further investigations. However, the presence 
of CRABP and RXR mRNA in shrimp ovaries support the hypothesis that crustacean 
ovaries are targets for retinoids or structurally related ligands (Durica et ah, 2002). 
Real-time RT-PCR results showed that MeCRABP and MeRXR exhibit opposite 
mRNA expression patterns as the ovary develops (Fig. 4.6). Similar to the protein 
expression pattern of MeCRABP, the MeCRABP mRNA transcript level also 
progressively declined with ovary development, which was also confirmed by in situ 
hybridization at the cellular level. In contrary to the decreased MeRXR protein level 
in mature shrimp ovaries indicated by 2DE results, the MeRXR mRNA transcripts 
increased significantly from vitellogenic (stage III) to cortical rod stage ovaries 
(stage rV and V). The expression pattern of RXR mRNA transcript in M. ensis is 
consistent with the increase of both A/B and LBD domains mRNAs during ovary 
development in Uca pugilator revealed by ribonulcease protection assay (RPA) 
(Durica et al., 2002). In the present study the target cell populations for RXR 
function in the ovary of M. ensis could not be determined. Therefore, further analysis 
using antibody probes directed against MeRXR receptor proteins are necessary. 
Current results suggest that MeRXR transcripts in the mature ovary are not translated 
and may be supplied to the oocyte as maternal controls. It has been well documented 
that ecdysteroid receptor (EcR) protein and the USP can form heterodimer to mediate 
the actions of ecdysteroids in Drosophila (Yao et al.’ 1992, 1993; Thomas et aL, 
1993; Hall and Thuminel, 1998). In Macrobrachium rosenbergii, the ovarian and 
hemolymph ecdysteroid levels elevated during vitellogenesis (Young et al., 1993). 
The correlation between the levels of MeRXR mRNA and ecdysteroids may indicate 
a positive regulation of RXR by ecdysteroids. The presence of high level MeRXR 
mRNA and ecdysteroids in mature ovaries represent a reserve of maternal materials 
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which are necessary at the commencement of embryonic development (Wilder et aL, 
1990). These explain the discrepancy of mRNA and protein expression patterns for 
RXR in shrimp ovaries. 
4.4.3 Effects of exogenous retinoic acids 
RA is derived from vitamin A and exists in several forms, such as aW-trans RA, 9-cis 
RA and 13-m RA. The roles of RA for cytoplasmic maturation of oocytes have been 
extensively studied in mammals. Although it has been proposed that retinoids play a 
prominent role in many developmental processes, including embryonic development 
and differentiation of various cell types (Lina-Cabello et al., 2002), there has been no 
report on the purification or identification of retinoic acid in crustaceans. Cloning of 
MeCRABP (Gu et al, 2002) and MeRXR together with other RXRs (Chung et al.， 
1998; Kim et al., 2005; Wang et al, 2006) in crustaceans support that RA or 
structurally related metabolites may be present in crustaceans. In order to test the 
effects of exogenous all-trans RA and 9-cis RA on the mRNA expression level of 
MeCRABP and MeRXR, an in vitro explants culture system was used. 
A\\-trans RA is able to stimulate the expression of its receptors, RARs and RXRs, in 
mouse embryos and several human cell lines (Jiang et al.’ 1994; Copper et aL, 1997). 
In crustaceans, dXX-trans RA elevates UpRXR transcript levels after autotomy (Chung 
et al., 1998). Current results indicate that SiW-trans RA affects the transcription of 
RXR in a stage dependent manner in shrimp ovaries. It seems that both CRABP and 
RXR expression could not be affected by 9-cis RA in previtellogenic and 
vitellogenic ovaries. But the expression of MeRXR was down regulated by high 
dosage of 9-cis RA treatment in cortical rod stage ovaries. This leads the speculation 
of the existence of natural 9-cis RA in shrimp. Whether invertebrate RXR can form 
homodimers is not quite clear due to the fact that UpRXR does not form complex 
with GST-UpRXR under in vitro GST-pulldown analysis (Durica et al, 2002). If 
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invertebrate RXR cannot form homodiers, exogenous 9-cis RA may be a toxic factor 
to inhibit the expression of MeRXR. 
In summary, both CRABP and RXR transcripts differentially expressed with the 
development of shrimp ovaries, and their expression levels can be affected by in 
vitro treatment of dX\-trans RA, indicating that shrimp ovaries are targets for dXX-trans 
RA or structurally related ligands. This study provides preliminary information on 
the possible interactions of RA, CRABP and RXR in controlling ovarian maturation 
of shrimp. A presumed signal pathway of dXX-trans RA in controlling shrimp ovarian 
maturation will be summarized in Chapter 5. 
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Chapter 5 General conclusion 
Despite the identification of a number of critical genes related to shrimp ovarian 
maturation (e.g. Khayat et al., 2001; Kung et aL, 2004; Tiu et al, 2006; Lo et al, 
2007; Loongyai et al” 2007;), many aspects of the molecular cascade that regulate 
shrimp oocyte maturation remain poorly understood. In this study, two-dimensional 
electrophoresis (2DE) and MALDI-TOF mass spectrometry (MS) were used to 
identify proteins that are differentially expressed during ovarian maturation in the 
shrimp Metapenaeus ensis. 
Twelve differentially expressed proteins were selected for further analysis as they 
were highly matched or similar to known proteins. Four of them were up-regulated 
during the development of ovary, including vitellogenin (Vg), 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), progesterone receptor (PR) 
and carbonic anhydrase III (CA III). The other eight proteins were down-regulated in 
this process, including cellular retinoic acid/retinol binding protein (CRABP), 
retinoid-related orphan receptor RZR-a (RZR), retinoid X receptor-y (RXR), p-actin, 
tubulin, arginine kinase (AK), ATP synthase P subunit and guanosine diphosphate 
dissociation inhibitor 1 (GDI). Among these proteins, p-actin, GAPDH and AK were 
also found to be differentially expressed at the mRNA level (Lo et al” 2007). 
Together, the expression pattern of the proteins suggest the coordination of several 
metabolic processes involved in the regulation of ovarian maturation similar to that 
revealed by Lo et al. (2007), including (1) organization of various kinds of 
cytoskeleton in providing a framework for intracellular transportation of cell 
organelles and vesicles, chromatin movement and cell shape maintenance; (2) 
enzymatic activities for synthesis of ATP demanded for active cellular functions; (3) 
regulation of transcription, translation and vesicular transportation in developing 
oocytes; and (4) antioxidant reagent to protect cells from oxidative damage by free 
oxygen radicals on the cell membrane. 
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The presence of CRABP as well as receptors homologs of retinoic acid (RA) in M. 
ensis ovary, together with their different expression levels, suggest an important role 
of RA in gene regulation in shrimp ovary. Although there is no report on the 
purification or identification of retinoic acid in crustaceans, cloning of MeCRABP 
(Gu et al” 2002) and MeRXR from M. ensis (see Chapter 4) support that RA or 
structurally related metabolites may be present in shrimps. MeCRABP is universally 
expressed in all tissues investigated, but MeRXR is not expressed in eyestalk and 
hepatopancreas. Consistent with the protein expression pattern, the expression level 
of MeCRABP mRNA is highest in previtellogenic ovaries, and gradually declines 
during ovarian development. This expression pattern is confirmed by in situ 
hybridization. In contrast to the decreased MeRXR protein level, MeRXR mRNA 
level increases significantly from vitellogenic to cortical rod stages. This result 
suggests that RXR transcripts in the mature ovary act as maternal messages for 
embryonic development. Treatment of aW-trans RA on ovary explant has no 
significant effect on the expression of MeCRABP but consistently reduces the 
expression of MeRXR in a roughly dose-dependent manner in immature ovaries. In 
fully mature ovaries, expression of both MeCRABP and MeRXR is enhanced by 
exogenous a\\-trans RA treatment. 
By combining the information of developmental expression patterns as well as in 
vitro aW-trans RA regulation of MeCRABP and MeRXR, a presumed signal pathway 
of a\\-trans RA in controlling shrimp ovarian maturation is indicated in Fig. 5.1 and 
could be summarized as follows. Arg 110 and Arg 130 (both are considered to be 
important for RA binding) of MeCRABP is 20 amino acid apart. This is similar to 
that of CRABP I of vertebrates (Wang et al, 1997). Therefore, the shrimp CRABP 
may have homologous function as vertebrate CRABP I (Gu et aL 2002). MeCRABP 
expression is high in immature oocytes, in which it may bind to RA and prevent its 
entry into the nucleus. The blockage of activation protein-1 (AP-1) activity is then 
released due to insufficient retinoic acid-bound retinoic acid receptors (RARs) in the 
nucleus so that AP-1 responsive enhancer sequence is activated at the same time to 
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transcribe genes responsible for cell division. The reduced expression of MeRXR 
transcript in response to exogenous dX\-trans RA treatment also facilitates the AP-1 
responsive enhancer sequence by dampening the binding of RA to RAR. On the 
other hand, with the decline of MeCRABP expression in maturing oocytes, retinoic 
acid-bound RARs bind with RARE in the promoter region and activate particular 
gene transcription which may participate in regulating shrimp ovary maturation. In 
the presence of excessive RA, MeCRABP is up regulated to shuttle RAs from 
cytosol to nuclei to bind to RA receptors because of the limited quantity of 
MeCRABP at this stage. Elevated transcription of MeRXR can enhance the effect of 
liganded partner RAR. 
The possible mechanisms of the functioning of the RA metabolic pathway on ovarian 
maturation of shrimp proposed here are based on limited information on the protein 
and mRNA expression patterns of CRABP and RXR. These molecules are worth to 
be investigated further to achieve a comprehensive understanding on the roles of RA 
or vitamin A in crustacean reproduction. 
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Figure 5.1 The proposed signal pathway of ^[X-trans RA in controlling shrimp 
ovarian maturation. Modified from http://8e.devbio.com/image.php?id二461. 
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